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Abstract
The objective of this research is to characterize how the natural frequencies of AFIT’s
CubeSat design can be controlled to meet launch vehicle requirements while increasing
the internal and external volume available for payload and bus components as the
chassis increases in size. A reliable Finite Element (FE) model is created and validated
using NASA’s General Environmental Verification Standards (GEVS) vibrational test
on the 12U chassis. The validated FE model proves that current boundary conditions
and geometric properties with minimized chassis wall thicknesses to maximize usable
internal and external volume maintain a first frequency of the fully loaded 12U chassis
above 70 Hz. However, the constraints on the 1U mass stacks aren’t sufficient to
prevent structural failure of the mass stacks, and internal supports are necessary to
maintain the structural integrity of the mass stacks.
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VIBRATIONAL ANALYSIS OF A 12U CHASSIS
1. Introduction
Figure 1. 3U, 6U, and 12U CubeSat configurations
The CubeSat concept is a grouping of equal sized blocks that host the satellite
components. These blocks, referred to as 1-Unit (1U), typically have standard dimen-
sions: 10 cm wide by 10 cm high by 10 cm deep (1000 cm3) [1] (Fig. 1). The CubeSat
Project was developed by California Polytechnic State University, San Luis Obispo,
and Stanford University’s Space Systems Development Lab in 1999 [1]. The Cube-
Sat started as a small satellite test platform of relatively low-cost/low-risk for new
ideas and has more recently evolved into a viable platform for operational missions.
Because of their small size and limited scientific and research capabilities, CubeSats
are generally launched as secondary payloads with respect to larger spacecraft and
frequently experience extreme vibration environments, which are not always as well
1
defined on secondary payload locations for launch vehicles.
Increasing the usable internal and external volume coupled with the decreasing
size of technology allows the opportunity to use CubeSats for many operations that
previously required microsatellites or bigger [2]. The 6U CubeSat has become a com-
mercial off-the-shelf (COTS) product for industry to use [3], and the 12U is projected
to go the same path. CubeSats have widespread acceptance in the space commu-
nity to include a growing number of developers from more than 70 U.S. companies,
50 U.S. universities, and 41 foreign universities [1]. “The market for the launch of
small satellites-including microsats, nanosats and CubeSats-is projected to exceed
150 spacecraft per year by 2020 [4].” Additionally, “the worldwide space industry
has [an] annual revenue of $275 billion and a 9% growth rate [2].” With all of this
growth in the industry, using a COTS structure that can accommodate a wide range
of payloads and bus components will save time and money by reducing the amount
of testing required to certify future efforts.
To increase CubeSat capabilities and utility, the internal volume needs to increase.
This need drives developers to create larger - 1.5U, 2U, 3U, 6U, 12U, 27U, and 54U -
CubeSats by arranging 1U volumes and creating a structure to hold the cube spaces
together [5]. Between 2013 and 2015, AFIT developed a 6U chassis along with the
commercial company, Pumpkin Incorporated, resulting in the SUPERNOVA Block
IV. This chassis is an exoskeleton design that hosts six 1U stacks, leaving the internal
volume open for component layout by satellite designers. The design is very stiff as
validated by Latta [6] where he measured the first vibrational frequency of the 6U
chassis at 197 Hz when fully loaded to 12 kg. From this 6U design, AFIT researchers
developed a 12U chassis (Fig. 2) using the same exoskeleton design approach with
plans to start developing a 27U version in 2016. The goal of the exoskeleton design is
to maximize usable volume, internal and external, and control load paths to minimize
2
Figure 2. AFIT’s 12U chassis fully loaded with mass
loads on internal components, protecting satellite components from the worst of the
launch environment loads. As the size of the chassis increases from 6 to 12 to 27U,
expectations are that the vibrational frequencies of the CubeSat chassis will decrease
if the 6U chassis design is simply scaled up primarily due to the increase in dimensions
and expected mass of the satellite.
Regardless of the size of the CubeSat, there are certain requirements that must
be met [7].
1. The CubeSat must satisfy all dimensional constraints imposed by the chosen
dispenser.
2. The CubeSat must pass all environmental testing for a given launch vehicle.
The CubeSat dispensers are the interface between the satellite and launch vehicle.
3
Figure 3. Canisterized Satellite Dispenser for 6U CubeSat [8]
All of the CubeSat dispensers listed here are sealed rigid boxes that are most often
hard mounted to the launch vehicle. The dispenser deploys the CubeSat in orbit and
protects the rocket and other satellites if the CubeSat encounters any mechanical
failures like loose screws during the rocket flight. This research focuses on Cube-
Sats designed for Planetary System Corp’s (PSC) Canisterized Satellite Dispenser
(CSD) (Fig. 3) [9]. The choice of dispenser constrains the external dimensions of
the CubeSat, and the choice of launch vehicle defines the vibrational frequencies and
magnitudes.
NASA created the General Environmental Verification Standard (GEVS) to define
a launch environment that exceeds the baseline for most U.S. launch systems [10].
AFIT, like most research and development organizations, uses GEVS when validating
and testing satellite components. In addition to surviving the launch environment, the
first natural frequency of a satellite must stay above the launch vehicle requirements
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shown in Fig. 4 [11]. To ensure compatibility with any launch system, one research
Figure 4. Minimum recommended spacecraft fundamental structural frequencies [11]
goal is to keep the first natural vibrational frequency of the 12U chassis when secured
inside the CSD above 70 Hz. The 70 Hz cutoff yields at least a factor of safety of
2 for most launch vehicles to prevent the satellite from interfering with the rocket
guidance, navigation, and control (GNC) systems. Preliminary analysis of the 12U
chassis predicts the first natural frequency to be between 100 Hz and 150 Hz for the
fixed boundary condition (FBC) that the CSD enforces [12]. Research is needed to
characterize how the natural frequencies change from the 6U to the 12U exoskeleton
design and how modifications to the design influence compliance with launch vehicle
requirements and maximize usability of the chassis.
1.1 Problem Statement
As the exoskeleton approach to designing a CubeSat chassis using PSC’s CSD in-
creases in size, the natural vibrational frequencies of the structure continue to decrease
because the mass increases and the stiffness decreases. This thesis investigates how
modifications to the CubeSat chassis can be used to keep exoskeleton design above
launch vehicle requirements with minimal internal structure and keep load paths off
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the satellite components. Finite Element (FE) models, validated against experimen-
tal data, will be used to analyze and predict changes in the structural performance
with various additional stiffening constraints along with analysis of the pros and cons
of the modeled modifications.
1.2 Scope
The CubeSat platform acceptance is growing fast and transitioning from a test
platform for universities to an operational platform for industry and government.
In this research, only the PSC CSD is used. In addition, due to the number of
approaches possible to increase structural stiffness, analyzed methods are limited to
boundary conditions, wall thickness, and internal stiffeners to determine the effects on
the first vibrational frequency. To ensure that the satellite chassis will still perform,
the first vibrational frequency will be held to 70 Hz and above to prevent interference
with rocket body GNC.
1.3 Research Objectives
The objective of this research is to characterize how the natural frequencies of
AFIT’s 12U CubeSat design can be evaluated to meet launch vehicle requirements
while decreasing the structure mass and increasing the internal and external volume
available for payload and bus components. To achieve this result, a reliable FE model
is created and validated through testing of the 12U chassis. Using the validated model
to control the propagation of error, alternative design considerations are analyzed and
compared to maintain the first natural frequency value above the 70 Hz cutoff and
quantize the change of usable mass and volume from the design alternatives modeled.
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1.4 Outline
Chapter 1 provides some background and introduces the research problem being
investigated and explains the motivation to research the problem. Chapter 2 out-
lines how this problem is generally solved in academia and industry and how those
methods will be applied in this research. Chapter 3 describes the research method-
ology. Chapter 4 presents the results from the experiments and model predictions.
Chapter 5 draws conclusions from the data discussed in Chapter 4, discusses research
significance, and proposes future work to utilize the research herein.
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2. Background
In this chapter, the random vibration portion of satellite environment testing will
be discussed. By simulating the launch vehicle vibration environment, the chassis
structure is tested in order to ensure that internal components are protected and that
the satellite vibrational frequencies do not interfere with the rocket control systems.
Vibrational analysis is discussed for FE modeling. Free-free boundary conditions
(FFBC) and fixed boundary conditions (FBC) are discussed in relation to the testing
for FE model validation.
2.1 Launch Environment
A satellite chassis has many functions during the life of a spacecraft including,
but not limited to, holding the satellite components together in a specific configura-
tion, protecting components from the environment, and interfacing with the launch
vehicle [13]. The most important aspects for this research are ensuring the struc-
tural vibration does not interfere with the launch vehicle and protecting the internal
components from the launch environment. During launch, the dominate loads that
define the vibration environment of the satellite are shock, vibration, and acoustic.
Acoustic loads are not discussed in this thesis. Shock loads are single instance events
during the launch vehicle life that impart a high loading force (up to 20 g [14]) on the
structure over a very short duration. Throughout the launch vehicle flight, there are
several shock load events such as ignition, engine shutdown, and separation [15]. The
shock loads look very similar to impulse inputs to the system, and, like an impulse,
they excite a vibrational response from the structure over a very large frequency range
which excites most resonant frequencies of the launch vehicle and spacecraft. This
thesis does not cover satellite shock tests because the shock loads are assumed to be
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covered by the random vibrational loads discussed next. In addition to the shocks
that put a heavy load on the system and die off, there are many steady vibration
loads on the system such as combustion, acceleration, and acoustic mechanisms that
will also excite satellite vibrational frequencies as dictated by satellite properties and
system constraints. Most of these vibration loads include a large range of frequencies
and put additional energy into vibration modes of the system with higher natural
frequencies. The shock and vibration loading mechanisms account for most of the
vibrational input that the satellite experiences from the launch vehicle environment.
Figure 5. NASA General Environmental Verification Standard Vibration Test Profile
for different satellite masses [10]
The GEVS random vibration test plan, as designed by NASA [10], and discussed
in greater detail in Section 2.3.2, exposes the satellite to random vibration loading
conditions for survivability based on the total mass of the satellite as shown in Fig.
5. The sine sweep test allows test evaluators to extract the vibrational frequencies
and compare the satellite frequencies with the rocket body frequencies. Because the
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launch vehicles tend to have resonant frequencies below 35 Hz [11], the first resonant
frequency of the spacecraft needs to stay above 35 Hz or require a significant amount
of integrated testing with the rocket to prevent the introduction of control instabilities
in the GNC system [15]. This work focuses on keeping the first vibrational frequency
of the 12U chassis above 70 Hz when fully loaded to maintain a factor of safety of 2
for any rocket body.
Figure 6. Shift in the first natural frequency of the ARTEMIS CubeSat test structure
due to vibration testing [16]
If the satellite fails the random vibration test, the satellite needs to be modified to
allow for survival to orbit. Common failure modes are satellite frequencies overlapping
with launch vehicle frequencies and a significant decrease in structural stiffness caused
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by loosening or breaking supports [17]. Figure 6 shows a 19% decrease in the first
frequency of the ARTEMIS 6U CubeSat test structure from ASYS 632 [16]. The
initial sine sweep to find the vibration frequencies values showed the first frequency
at 238.4 Hz. After testing the satellite with the NASA GEVS test using the 22.7 kg
curve (Fig. 5), the first frequency dropped to 193.8 Hz. This decrease was attributed
to screws on the structure loosening during the random vibration test [16]. Some
variations in the resonant frequencies are expected during the random vibration test
and are caused by parts settling (<5%), but large variations need to analyzed and are
generally an indicator of component failure in the test article. If the first vibrational
frequency of the constrained satellite is too close to the rocket body modes, then
the satellite typically needs to be stiffened to prevent possible launch failure. This
thesis is primarily concerned with this failure mode. When the satellite and rocket
modes overlap at low frequencies (<35 Hz), the calculated displacements of the rocket
can be modified by the amplified motion of the satellite. If the interaction between
satellite and launch vehicle is not very carefully tested and quantified, the launch
vehicle navigation system will not have the correct bias and could lose positioning
and crash [18].
Two approaches typically found in industry to protect the spacecraft from vibra-
tion forces are to stiffen the satellite structure to increase the natural frequencies or to
add damping materials to the spacecraft structure to decrease the magnitude of the
vibration response of the satellite. Vibration damping systems have been developed
to interface between the satellite and launch vehicle and attenuate all system loads
with a frequency higher than 12 Hz [15]. These systems must match the rocket, GNC,
and satellite together to ensure a successful launch. CSA Engineering Inc. has been
working on a more adaptable system that dampens vibrations from 70 Hz and above
that can be integrated into different launch platforms with minimal modifications to
11
launch controls [15]. The damping system does not eliminate the need for monitoring
the vibrational frequencies of the satellite in relationship to the launch vehicle, but it
does allow for more sensitive components to be launched by reducing the load levels
seen by the satellite. AFIT has been working on the approach of creating a stiffer
structure that has all the capability to protect internal components during launch and
prevent interference with the rocket guidance system to try and minimize integration
and testing time.
2.2 Finite Element Analysis
Figure 7. 12U Chassis FE model looking at the Y Wall
Finite Element Analysis (FEA) is a numerical solution method for various types
of field problems such as structural, thermal, fluids, and energy to name a few [6].
FEA is the chosen method in this thesis to analyze the 12U chassis to predict the
system response. The FEA principle is to take a continuous system and discretize it
into a number of pieces called elements. By analyzing how these elements interact
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at the intersections, called nodes, a continuous field problem can be reduced down to
a discrete linear algebra problem, which in turn can be systematically solved by an
FE solver. This thesis uses the FEA Eigen solver to model the natural frequencies of
AFIT’s 12U Chassis.
The basic governing equation of a vibrational problem is [19]
M ¨̄u(t) + C ˙̄u(t) +Kū(t) = F (t) (1)
where M, C, and K are square matrices for the mass, damping, and stiffness, respec-
tively. The size of the square matrices depends on the degrees of freedom (DOF)
of the system. F(t) is a matrix of input forces and ū(t) is the displacement and/or
rotation for every DOF. ˙̄u(t) and ¨̄u(t) are the first and second derivatives respectively
of ū(t) with respect to time t. In matrix notation, the vibrational equation of motion
Figure 8. 3 DOF Spring/Mass/Damper system [20]
can look like [19]

m1 0 0
0 m2 0
0 0 m3
 ¨̄u(t) +

c11 c12 c13
c21 c22 c23
c31 c32 c33
 ˙̄u(t) +

k11 k12 0
k21 k22 k23
0 k32 k33
 ū(t) =

f1
f2
f3
 (2)
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for Fig. 8, where there are three masses and only one translational DOF for each mass.
After the matrices are created, boundary conditions and input forces are applied to
ū(t) and F(t) respectively.
Solving for a free vibration problem, the input force F(t) is 0 and no constraints
are placed on ū(t), leaving a set of second order homogeneous system of equations
to perform the eigenanalysis. To compute the un-damped natural frequencies and
modes, C is set to 0. With these assumptions, Eq. (1) becomes [19]
M ¨̄u(t) +Kū(t) =
{
0
}
(3)
by setting [19]
ū(t) = ūeωnit (4)
taking the second derivative, and substituting into Eq. (3) and factoring [19]
(−ω2nM +K)ū = 0̄ (5)
which is an Eigen problem. The eigenvectors λ are computed by solving Eq. (5) for
λ [19]
Det
∣∣∣∣K − λM ∣∣∣∣ = 0 (6)
The natural frequencies ωn are then solved using
λ = ω2n (7)
The maximum number of possible eigenvalues that the FEA program can solve for is
based on the number of DOF of the model [21]. The associated eigenvectors ū can
be computed from Eq. (5) by replacing with each ω2n in turn from Eq. (6) to return
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the mode vector for each natural frequency.
Different element types and different desired DOF change the dimensions of the K
and M matrices, but typically do not change how the equations are solved. The above
derivation still applies for a forced input vibration problem with some additional steps
to solve for the particular solution.
2.2.1 Element Selection.
There are many different types of elements used in FEA. The basic types of
elements are beams (1D), plates (2D), and solids (3D) [22]. Every element has
Figure 9. Beam, Shell, and Solid Elements
nodes which are the location of the individual DOF. Figure 9 shows the node locations
(represented as circles) for the three basic elements. Each node typically has 6 DOF
(3 translational and 3 rotational). A simple beam element is represented as a straight
line with a node at each end. A structure, like a truss bridge, can be represented as
multiple beam elements connected together at the nodes to approximate the desired
geometry. The same truss bridge can be modeled with plate or solid elements which
can be used to provide potentially more accurate and different estimates typically
at the cost of longer processing times. The accuracy of computed solutions from an
FE model generally depends on the degree to which the model accurately represents
the structure. A commonly regarded best practice in the FE modeling business is
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to use the simplest element type that keeps the errors within desired margins. One
frequently quoted rule of thumb is that simpler elements can be used if the primary
dimension(s) is/are 10x the un-modeled dimension(s) [23]. For a given structure, if
the length is 10x the width and height, then a beam element will probably work very
well. If the length and width are both 10x the height, then a plate is probably the
best element selection for accurately predicting the response of the system. [24]. The
12U chassis FE model is primarily composed of plate elements for this reason.
Some special elements needed for this thesis are the spring/damper and the mass
element. The spring/damper element connects two nodes with a specified stiffness k
and damping c [25]. The spring/damper element is very useful for adding connections
and enforcing constraints between sections of the model. Spring elements are used in
this research as a linear approach to handling the nonlinear contact problem where
two parts are touching. In the nonlinear contact problem, parts are able to separate
without influencing each other, but, when put in compression, one part maintains
contact to the second part, imparting constraints on the motion of both sections.
By controlling the stiffness, damping, and locations of the spring/damper elements,
Figure 10. 12U FE model showing tie connections (MPC Tie) and spring elements
between separate structures
the model can linearly approximate the results of a nonlinear gap element, which is
infinitely stiff in compression and has no stiffness in tension [26]. The 12U chassis
has contact joints all around where the walls meet and no screws are holding the
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parts together. The spring/damper elements are being used to modulate the motion
between chassis walls along the whole structure. The other special element, the
mass element, creates a point mass at any desired location in the model [27]. The
mass element is used to represent sections of mass that do not need more detailed
representation. The 1U mass stack, shown in Fig. 11, is simplified using the mass
element in the center.
Figure 11. Left: Physical mass stack. Right: Modeled mass stack with mass element
in center connected to model by tie connections.
2.2.2 Connections.
Connections are methods to enforce DOF relationships between nodes. Connec-
tions differ from spring/damper elements in application. While the spring/damper
adds terms to the vibrational equations, connections create new relationships that re-
duce the DOF needed to solve the system of equations. Using Fig. 12 as an example,
the FE equation for the spring system on the bottom of Fig. 12 would look like

k11 k12 kspring
k21 k22 k23
kspring k32 k33


d1
d2
d3
 =

f1
f2
f3
 (8)
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Figure 12. Top: Tie connection between two nodes. Bottom: Spring element between
two nodes.
while the tie connection equation would look like
k11 k12
k21 k22

d1d2
 =
f1f2
 (9)
with the additional equation of d1 = d3 after d1 is solved. FEA programs provide
several options for connections between nodes. The simplest option is a tie constraint
(also referred to as a rigid link) that dictates all nodes involved to behave identically
in all DOF. Other connection types like beam, link, and pin are also available to
specify different constrained DOF between the selected nodes [28]. Using a connection
between parts is a representative method of modeling the constraints applied to a
system from fasteners [29]. In this research, tie constraints are used to represent
mechanical screws between the parts.
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2.3 Model Validation
Conducting experiments and collecting responses from the physical system allows
for model verification which is an important step before using FE models to predict
responses to untested scenarios or design changes. Sarafin [13] said, “If our analyses,
inspections, and process controls were perfect, they alone would verify requirements.
But they are not perfect, so if we need more assurance, we must test the product.”
By testing the components, the FE model may be modified to closely agree with
the experimental test results, yielding higher confidence in the validity of model pre-
dictions for untested cases. To validate the model, model modifications are made
until model predictions are within acceptable tolerances [30]. Testing various test
setups, boundary conditions and system configurations, can allow the FE model to
be tuned to represent the test article behavior as long as model properties do not
exceed realistic specifications.
2.3.1 Free-Free Boundary Conditions (FFBC).
FFBC testing is used to characterize an individual component or complete struc-
ture with minimal outside influence. Achieving absolute FFBC in the lab is not
possible since measuring the vibrational response of an object requires supports to be
applied to the test article. Latta [6] experimented with foam, bungee cords, and large
bubble wrap as minimalist support of a 6U CubeSat chassis to achieve sufficiently
FFBC results (Fig. 13). In industry, FFBC are frequently achieved by hanging the
test article from a rigid support structure to minimize the applied stiffness in the di-
rection of measurement. Carne, et al. [31] looked into how different supports affected
the measured vibrational response in FFBC with respect to theoretical values. When
they looked at the lowest elastic mode frequency value divided by the highest rigid
body mode (RBM) frequency value, they concluded a ratio of 14 would make the mea-
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Figure 13. Latta’s testing of FFBC for 6U chassis [6]
Figure 14. Percent error of experimental FFBC vs. theoretical FFBC based on ratio
of elastic mode over rigid body mode [31]
20
sured values within 1% of the theoretical values as shown in Fig. 14. McConnell [32]
concluded that the difference between theoretical and measured increases drastically
if the ratio of the lowest elastic frequency over the highest rigid-body frequency ever
drops below 10. This research evaluates a combination of foam blocks and hanging
test components to achieve the FFBC. The accuracy of the test condition is verified
by maintaining a flexible to rigid frequency ratio of 10 or higher on the measured
data. By comparing the calculated ratio to Fig. 14, the error introduced by the
boundary conditions is estimated.
2.3.2 Fixed Boundary Conditions (FBC).
Figure 15. Tab constraints on 6U chassis shown as green arrows indicating force from
CSD [9]
To verify that the satellite can survive the launch environment and that none of
the modes interfere with the launch vehicle, the spacecraft must be tested at the
worst case launch configuration. As stated earlier, the AFIT 12U chassis is designed
to only use the PSC CSD which has FBC along the tabs [9] shown in Fig. 15. The
CSD is always rigidly attached to the launch vehicle and only displays rigid body
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motion with respect to the launch vehicle. To simulate the launch conditions, the
Figure 16. Full 12U chassis clamped down on the vibration table with the FBC along
the tabs
12U chassis is bolted to a vibration table and tested in three different orientations
(x, y, and z (Fig. 16) axes) that are intended to represent the boundary conditions
established inside the CSD. The applied loads are defined by NASA’s GEVS which is
incorporated into the test plan (App. A). The GEVS profile is designed to envelope
the worst case of standard launch vehicles to create one vibration test profile that
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satisfies all launch vehicles. The rigor of the test makes it a good choice when the
launch vehicle is not a known quantity because it ensures compliance with the most
common launch systems [10]. Fig. 17 shows the vibration test profile for several
launch vehicles and how the GEVS profile takes the vibrational profile of each system
and adds some overhead to have an increased margin of safety.
Figure 17. Vibration profiles for different launch vehicles compared to the NASA GEVS
profile which meets or exceeds the vibrational profile of every launch system [6]
2.3.3 Model Updating.
After the test articles (individual components and complete 12U structure) have
been tested under FFBC and FBC respectively, the FE model of the test article must
be compared to the experimental data to ensure that the model acts like the hardware
to within tolerance. For single part objects under FFBC, the model parameters that
are typically changed include material properties, mesh sizing, and geometry. Figure
14 gives a reasonable estimate for the amount of error between the model and test
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article based on the flexible to rigid body frequency ratio. Errors greater than what
Fig. 14 indicates are assumed to be model induced errors and might be improved by
updating model parameters.
Material properties are built into the stiffness matrix K and mass matrix M (see
Eq. (1)). The stiffness matrix values are dependent on the modulus of elasticity E
and area moment of inertia I for a given DOF by
k ∝ EI (10)
and the mass matrix depends on density ρ and volume V of the element by
m ∝ ρV (11)
E and ρ are material properties, while I and V are functions of cross-sectional area
and volume which are represented by the elements and can be related to how closely
the whole part resembles the component being modeled. When using FEA for fre-
quency analysis, large errors in the model mass and stiffness become very apparent
when compared to test results by
ωn ∝
√
k
m
(12)
.
Increasing the number of nodes in a model typically allows the FEA solution to
converge on the closed form analytical solution [33]. Figure 18 shows stress conver-
gence for a simple beam with varying numbers of beam elements. For a frequency
analysis, a more course mesh typically increases the stiffness of a structure by re-
stricting the motion. Increasing the number of nodes also increases the processing
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Figure 18. Convergence of simple beam stress value as number of elements increases [34]
time required to compute solutions to the model [26]. A balance between an accu-
rate model and processing time can be achieved where the desired accuracy depends
on needs and processing capabilities. As the processing capabilities of computers
increases, model sizes typically increase.
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3. Methodology
Figure 19. CAD model of AFIT’s 12U chassis with body frame coordinate system
In this chapter, the methodology to create, test, validate, and analyze the 12U
chassis model will be discussed. FE modeling allows for more alternative designs
to be investigated in a shorter time as opposed to trial and error in manufacturing
alternative designs. When testing the physical structure, the measurement error can
be quantized based on test procedure and precision of equipment used. Modeling
has additional error sources such as oversimplifications, ill-defined parameters, and
incorrect inputs that can be harder than test errors to resolve. By testing a few
configurations and using the data from those tests to validate the model and calcu-
late the error in the predictions, one can run multiple models to find the optimum
configuration within a known percent error [30]. This thesis uses the same approach
on a validated 12U chassis FE model to determine how the first natural frequency
of the structure will change in different design configurations. The chassis is first
experimentally tested and then the FE model is tuned. Finally the model parameters
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such as mass stack configurations, boundary conditions, and geometry are varied to
test the effectiveness of stiffening on the 12U chassis. The 12U chassis is composed
of five basic components and is assembled in two different configurations. The five
components being tested are the Adaptor Plate, Base Plate, Top Plate, Y Wall, and
Z Wall. The configurations are “empty” which is just the chassis frame without any
Adaptor Plates or extra mass. The “empty” configuration weighs ∼3 kg. The “full”
configuration uses Adaptor Plates to create the mass stacks and weighs ∼24 kg.
3.1 Overall Research Plan
The research plan is described below and indicates where items are addressed in
more detail throughout the thesis.
• Create 12U FE models (Sec. 3.2) from computer aided design (CAD) file (Fig.
19)
• Experimentally impulse test individual components under FFBC (Sec. 3.3.1)
• From the 12U chassis FE model, predict natural frequencies and undamped
modes of the structure components for FFBC frequencies
• Experimentally collect “empty” and “full” chassis vibrational frequencies under
GEVS test profile with FBC (Sec. 3.3.2)
• Run analysis for “empty” and “full” 12U chassis FE model vibrational frequen-
cies under FBC
• Validate 12U chassis FFBC (Sec. 3.4.1) and FBC (Sec. 3.4.2) FE models with
experimental results
• Modify “full” 12U chassis FE model to analyze different stiffening techniques
(Sec. 3.5)
3.2 The FE Model
After AFIT mechanical engineer designers, Sharp, Shah, and Miller, designed
the 12U chassis, AFIT model shop personnel, Crabtree, Ryan, and Harkliss with
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assistance from designers Sharp and Miller, fabricated five 12U chassis from 6061
aluminum (1 prototype chassis) and 7075 aluminum (4 production chassis). From
the 12U CAD model, an FE model was created with simplifications to speed up
creation and analysis. Creation of the basic model requires copying over the CAD file
dimensions of interest while ignoring unnecessary details. Latta found that ignoring
screw holes and fillets helps the model run faster without adversely affecting the
accuracy of the results [6]. Justification for ignoring the screw holes comes from
Figure 20. Left: CAD model used to create 12U chassis. Right: Simplified CAD model
where screw holes are removed and corners squared.
two system properties. First, the volume and mass difference on the 12U chassis
that is taken up by the screws is 3.1% of the total volume and mass of the chassis.
And second, at least 57% of the holes on the 12U chassis are filled in with screws
when the structure is filled with twelve 1U stacks returning most of the differences.
When squaring off all the corners, the change in volume and mass is 4.4% of the
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total volume and mass of the chassis. Aligning all of the different thickness features
of the plates on a common center axis, left side of Fig. 21, simplifies the FE model
by ensuring the elements can easily be connected and does not measurably change
the model with respect to the measured values [35]. This modification to the model
makes the assumption that any moments caused by forces on the offset planes are
negligible on the large scale system. The 12U Base Plate has the same geometry as
the 6U Base Plate shown in Fig. 21.
Figure 21. Left: Plate elements showing the common axis offset on 6U Baseplate.
Right: Original 6U geometry with solid element meshing. [35]
For the stack adaptors (Fig. 22), ignoring the screw holes and rounded corners
initially seems wrong due to the small size of the part. The diameters of the holes on
the stack adaptors are half the thickness of the part, and 50% or less of the holes will be
filled in with screws when connected to the chassis walls. The holes are oriented along
all three planes which make depiction of every hole hard to accomplish with anything
less than a solid element model. By starting with a solid FE model (Fig. 22(b))
where no simplifying assumptions are made, simplifications are added as needed to
reduce processing time while retaining accuracy. Figure 22 shows the simplification
made to the stack adaptor and Fig. 23 shows the results of each model in comparison
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Figure 22. (a): As built CAD file for Stack Adaptor. (b): FE model of Stack Adaptor
with solid elements and no simplifications. (c): FE model of Stack Adaptor with solid
elements and holes removed. (d): FE model of Stack Adaptor with plate elements.
to the tested component. All of the models have 6% or less disagreement between the
FFBC tested stack adaptor and the FE model for the first four natural frequencies.
However, the eigenanalysis computation time of the solid element models took 60
times longer for a single stack adaptor. The decision to not test beam elements was
made because the plate element is accurate and the processing time is fast enough to
allow for quick simulations of changes to the 12U chassis.
Creating an FE model for each 12U chassis component and performing a FFBC
simulation in the model returned the values in Fig. 24, where all the values are in
Hz. These numbers will be compared to the experimental values found in the FFBC
testing to determine accuracy of the model.
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Figure 23. Frequency value (Hz) results from FFBC testing for Stack Adaptor (far
right) compared to different FE models of the Stack Adaptor looking at computation
time and agreement with test results
Figure 24. Predicted frequency response (Hz) for the FE models of 12U chassis walls
simulated under FFBC before any validation process
3.3 Testing
The purpose of the experimental vibration testing is to test-verify the FE models
before analyzing how variations in the design parameters affect the structural stiffness.
The FFBC testing is used to validate material properties and geometry. The FBC
testing is used to validate FE model boundary conditions and connections between
components.
3.3.1 Testing with Free-Free Boundary Condition.
FFBC testing places the test article under minimum external constraints. For the
12U chassis components, this means hanging individual components in a rigid test
frame (Fig. 25), applying a load, and measuring the velocity response at numerous
locations with a laser vibrometer to collect the natural frequencies and modes of
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vibration. By repeatedly applying a load in the same location and measuring the
output in a grid across the part, the vibration mode is estimated as well.
Figure 25. Adaptor Plate on test frame with air horn for signal input and vibrometer
return values
The laser vibrometer operates by sending a coherent laser beam at a target and
measuring the phase shift of the return. By using the principles of Doppler shift,
the relative velocity of the spot being illuminated by the laser is calculated. For this
research, the Polytec Scanning Vibrometer (PSV) PSV-500 scanning head using the
PSV 9.1 acquisition software to handle signal processing from the laser signal into
desired outputs is used to capture the FFBC test results. The software processes the
input signal in the time and frequency domains, the vibrational response of the test
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article from 0 to 2000 Hz and the coherence between the measured input and output.
The only requirements are to ensure that the signal has a good return value (75% or
better) from every sample location on the test article and that the laser is properly
focused. When sampling from a metallic target, the laser has a good return when
the laser is perpendicular to the target and almost no return when the laser has an
angle of reflection greater than 5 degrees. To improve the return on sample points off
center, a small square of reflective tape is used improve the return.
Three different input methods were evaluated to excite the test parts. The first
method was an air horn, as shown in Fig. 25. The input signal was a chirp over a
frequency band set to encompass the modes of interest for the given part. Using the air
horn yielded very noisy measured data with a coherence fluctuation as low as 0.4 and
averaging around 0.6 across the frequencies of interest. The second excitation method
was an impact hammer which resulted in exceptionally clean results with coherence
values close to 0.99. The drawback to using an impact hammer is repeatability. The
third method is an impact tip on a stinger connected to an autohammer driven by
a signal generator (Fig. 26). By controlling the pulse signal and striker position, a
controllable, repeatable impulse signal is created.
The test frame (Fig. 26) is a rigid support structure with attachment points on the
top bar to hang individual chassis components. The location of where to attach the
hangers on the component remains arbitrary with the understanding that damping
is added at every frequency where the hanger location does not correspond with a
node location. The node locations are the positions on the test structure that have
a displacement value near zero for a specific input frequency. However, the amount
of shift between measured and theoretical values from choice of hanger location will
be contained within the testing error associated with the FFBC. A foam support is
placed behind the part just barely touching to suppress the magnitude of the RBM.
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Figure 26. Top Plate on test frame with autohammer
The test frame also contains attachment points to mount the input apparatus at a
fixed location in relation to the part being tested. The response of the test article is
measured by a laser vibrometer that is fed into a running average of the last three
measurements to create the frequency response function (FRF) as seen in Fig. 30.
Figure 27. Force input from striker on Y Wall in time domain
Four data sources are monitored to ensure the quality of the data as it is being
collected. Figures 27 & 28 are the measured input signal in the time and frequency
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domains. From these charts, the quality of the input signal can be estimated. The
ideal impulse signal would be a single vertical line in the time domain and a horizontal
line in the frequency domain. Figures 27 & 28 show that the input signal is very close
to an ideal impulse.
Figure 28. Frequency content of striker impulse on Y Wall in frequency domain
Figure 29 is the signal coherence between the input and output. Ideal coherence is
1 at all frequencies. With the striker, the coherence value is ∼0.99, and rarely drops
below 0.9 except at natural frequencies. Coherence measures the phase shift between
two signals and indicates how well the output signal matches the input signal at each
frequency [36]. The coherence equation looks like [37]
γ2 =
∣∣∣∣GXY (f)∣∣∣∣2
GXX(f)GY Y (f)
(13)
where γ is the coherence value, GXX(f) and GY Y (f) are auto-power spectrum for the
input and output and GXY (f) is the cross-power spectrum between the input and
output. At the frequencies where the coherence drops, the FRF (Fig 30) shows an
anti-resonant point, where the measured frequency response is dominated by a mode
shape that has no displacement at the measured location.
Figure 30 is the measured FRF from which the measured data is extracted and
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Figure 29. Signal coherence between striker input and vibrometer readings
Figure 30. Frequency Response Function (FRF) of Y Wall measured at one point with
impulse signal input (see Fig. 26)
compared to the FE model results. Because the coherence between the input signal
(Fig. 28) and the output is very near 1 at every frequency of interest, the system noise
is low and all of the peaks and sharp valleys on the FRF correspond to frequencies
where the structure resonates from the input signal. The very left side of Fig. 30 is
the RBM frequency at ∼15 Hz where the whole structure moves dynamically because
of the supporting but very flexible constraints imposed by the string and foam. The
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remainder of the peaks and sharp valleys in Fig. 30 indicate vibrational resonant
frequencies in the structure. By matching the mode shapes and frequencies of the
12U chassis component FE models to the frequencies from the FRF measured by the
FFBC test, the individual FE component models will be validated.
The FRF is also used to determine the validity of the FFBC. Figure 31 shows the
first resonant frequency on the right (760 Hz) and the highest RBM on the left (61.9
Hz). The ratio resonant / RBM yields a value of 12.3 indicating that the boundary
conditions of the test outlined in this section will add less than 1.5% error to the test
from Fig. 14.
Figure 31. First vibrational frequency indicated by black vertical line (Right) compared
to the highest values RBM (Left) of the Stack Adaptor to determine validity of the
FFBC
Testing each wall of the 12U chassis by the FFBC test resulted in Fig. 32.
Figure 32. Measured frequency responses (Hz) for 12U chassis walls tested under FFBC
37
Figure 33. Empty 12U chassis bolted down on vibe table to test along the vertical
axis (Y axis). Accelerometers are attached to the top to measure the output at key
locations.
3.3.2 Testing with Fixed Boundary Condition.
Testing with FBC places the chassis in launch-like constraints where the tabs of
the structure are fixed in place. For the 12U chassis, this means a fully assembled
structure fixed to the vibration table by clamping the tabs in the same method as
the PSC CSD (Fig. 33) and testing with NASA’s GEVS vibration profile.
FBC testing is run according to the 12U Chassis Vibe Test Plan (App. A) for an
empty 12U chassis (3 kg) and a full 12U chassis (max 24 kg) along the x, y, and z
axes. Along each axis, the structure is subjected to a sine wave input from 20 Hz to
2000 Hz with a magnitude of 0.5 g acceleration to identify resonant frequencies of the
test structure along the axis of vibration. The sine sweep test is followed by NASA’s
GEVS random vibration profile at -12dB of dictated test values ( 1
16
of full power).
The random vibration test is repeated at -6dB (1
4
of full power) and 0dB (full power)
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Figure 34. Initial frequency to post 0dB shift in frequency values of full chassis vibrated
along the Z axis
of the GEVS profile with the sine sweep test conducted before and after each random
vibration test. The sine sweep tests before and after each random vibration test
provide feedback on changes in the stiffness of the structure by revealing variations in
the peaks of the resonant frequencies. The test article fails the vibration testing if the
first resonant frequency of the structure is below 70 Hz or if any resonant frequency
shifts by more than 10% of the initial value. Figure 34 shows a 23% shift in one of
the frequencies which indicates a failure in that test run.
3.4 Validation
The validation process compares the predicted FE model frequency values to the
frequency values returned by the testing processes. Comparing the FFBC test results
from the individual chassis components to the FE model predictions for each of the
12U chassis walls one can validate the assumed material properties and geometry in
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Figure 35. Placement of accelerometers on the empty 12U chassis from the vibrations
test plan (App. A)
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the FE model. Comparing the FBC test results of the empty 12U chassis to the empty
12U chassis FE model one can validate the interactions between the chassis walls to
complete the validation process for frequency analysis. The results of the validation
process are presented in this section so Ch. 4 starts with a validated model and can
discuss how modifications to the full 12U chassis FE model affect the first natural
frequency, mass. and usable volume of the 12U chassis. Figure 36 shows the frequency
comparison between the initial FE models for the 12U chassis walls and the measured
values using the FFBC test with the laser vibrometer. The material properties and
FE model geometry are investigated as methods to improve the agreement between
the FE models and the FFBC test results.
Figure 36. Frequency (Hz) differences between the initial FE models of 12U chassis
walls and FFBC test results of the 12U chassis walls. Used to define the initial quality
of the 12U chassis wall FE models
3.4.1 Material Properties and Meshing Validation.
Verifying that the assumed FE model material properties and mesh project an
accurate representation of the physical components is accomplished by comparing the
predicted vibrational frequencies of each 12U chassis wall FE model to the FFBC tests
accomplished in Sec. 3.3.1. Since all of the 12U chassis walls being tested are made
from 7075 aluminum, any variation to the material properties from the validation is
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applied to all the structure FE models. Frequency differences below 1.5% between
the FE models and the component testing are within the error associated with the
FFBC testing. Frequency differences greater than 5% in the first three frequencies
for each chassis wall warrant investigation into improvements by modifying the FE
models to drive down error propagation in the fully assembled 12U FE model.
Figure 37. Test block used to measure material properties of 7075 aluminum used in
construction of the 12U chassis
To check the material properties of the 7075 aluminum used to create the 12U
chassis test articles, a block of the material (Fig. 37) was machined from the same
sheet of aluminum as the 12U chassis. The test block is used to find the density and
modulus of elasticity of the material with greater accuracy than using the nominal
material properties. The test block is measured, weighed, and vibrationally excited
with the FFBC test by hanging the block on a single piece of string in the center of
one side (Fig. 38). An FE model of the block is created with the measured dimensions
and density as the assumed model properties. The modulus of elasticity is calculated
using Eqs. (10) and (12) where m and I are held constant, and the modulus of
elasticity E is found by comparing the frequency of the first bending mode of the
model to the measured frequency of the first bending mode.
A careful accounting of units used when making an FE model is vital. Most
FE programs are “internally consistent” with the units which means that no units
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Figure 38. Values from testing a block of aluminum from 12U chassis stock to verify
material properties
are stored in the program, and all input numbers are assumed to be consistent with
each other. The basic units input into this FE model are kilograms, millimeters, and
seconds, so any numbers pulled from the FE model will have these types of units on
the output.
Updating the material properties in the FE models for the 12U chassis yields
Fig. 39 which improves the first several modes for the Base Plate, Top Plate, and Y
Wall. The first frequency of the Z Wall is negatively affected by 0.66%. However, the
percent difference between the tested and modeled frequency is still less than 5%.
Figure 39. Frequency (Hz) differences between FE models of 12U chassis walls and
FFBC test results after updating the material properties of the FE models
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When the assumption of removing the large fillets on each wall was applied, there
was a 4.4% change in the total system mass and volume of the FE model. When
updating the geometry as shown in Fig. 40 to include the large window fillets, there
is no measurable increase in processing time. The updated geometry in the FE
Figure 40. Left: Original FE model geometry of Z Wall with fillets removed. Right:
Updated FE model geometry of Z Wall with fillets modeled around the windows.
models for the 12U chassis yields Fig. 41. The updated geometry has a significant
improvement to the first two frequencies of the Y Wall and a minor improvement
to the Top Plate. The frequencies of the Z Wall are continuing to increase, creating
a larger disagreement between the FE model of the Z Wall and the measured test
results. However, since these updates bring significant improvements to the rest of
the 12U chassis walls, this modification to the geometry will stay.
To verify that the compared frequency values correspond to the same mode shapes,
the flexible modes measured by the laser vibrometer are compared to the mode shapes
predicted by the FE model of the Y Wall for each model configuration. Figure 42
shows a very close match on the first mode and a slightly distorted match on the
third mode. The laser vibrometer returned the frequency of the second mode, but
could not give a clear image of what the mode shape looks like. The other 12U chassis
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Figure 41. Frequency (Hz) differences between FE models of 12U chassis walls and
FFBC test results after updating the material properties and the geometry of the FE
models
components are assumed to match as equally well on the mode shapes as the Y Wall.
Figure 42. Comparison of the first three mode shapes between the FFBC test of the
12U chassis Y Wall and the FE models of the 12U chassis Y Wall for original model,
updated material properties, and updated materials and geometry
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3.4.2 System Connection Validation.
After the individual 12U chassis wall FE models are validated, the interactions
between the 12U chassis walls need to be validated to ensure that entire 12U chassis
FE model predicts accurate frequency values for the FBC test. This research starts
with the assumption that a screw can be modeled by a tie constraint between two
nodes along the centerline of the screw location as showin in Fig. 10. To evaluate the
assumptions of using tie constraints for screws and spring elements to model contact
joints, several test cases are run and compared to the empty 12U chassis FBC test
results. In the case of using the springs, Adams [26] says that several iterations are
required to get the right number and placement of springs to return values that match
the experimental data. Using the empty 12U chassis FBC test to iterate through these
parameters removes one more potential source of error in getting a valid model. To
facilitate matching frequencies that correspond to the same mode, the modes are
named since several of the modes appear in a different order than the FE models
predict.
Figure 43 shows the acceleration of each accelerometer on the empty 12U chassis
along all three axes of vibration. The FBC test results for the empty 12U chassis are
presented here to develop the validated model before modifications are applied to the
full 12U chassis FE model in Chapter 4. The data from Fig. 43 in conjunction with
the predicted mode shapes and frequencies from the empty 12U chassis FE model are
used to validate the system constraints between walls of the 12U chassis.
The first bending mode along the x axis (First Bending (X Axis)) according to
the FE model looks like Fig. 44 where every accelerometer along the x axis is capable
of capturing the vibrational response. According to Fig. 43, 363.2 Hz is captured by
every sensor in the x axis and is not captured in any of the other axes indicating that
363.2 Hz is the first bending in the x axis.
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Figure 43. Accelerometer sine sweep values of 12U empty chassis before start of random
vibrations along each axis
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Figure 44. Bending mode along x axis from FE model
Figure 45. First breathing mode across Top Plate from FE model
The first Top Plate breathing mode (Top Plate Breathing (Y Axis)) according to
the FE model looks like Fig. 45, where only accelerometers 3, 7, and 8 are positioned
properly to capture the vibrational response. According to Fig. 43, 429.2 Hz is
only captured by y axis sensors 3, 7, and 8. X axis sensors 3, 7, and 8 picked up a
vibrational mode at 426.8 Hz. There is a small predicted shift of the Y Wall along the
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x axis for this mode shape at those sensors. The small decrease in frequency is from
the 12U chassis settling by the end of the x axis FBC vibration testing according to
Fig. 46.
Figure 46. Settling of Top Plate breathing mode during y axis FBC vibration test
Figure 47. First breathing mode across Base Plate from FE model
The first Base Plate breathing mode (Base Plate Breathing (Y Axis)) the FE
model predicted is shown in Fig. 47. None of the sensor placements along the y axis
should be able to capture this mode. However, there is a strong response from sensors
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3, 7, and 8 along the y axis at 462.6 Hz that seems to correspond to this FE predicted
mode shape. The x axis testing also picked up on this frequency with sensors 3, 7,
and 8.
Figure 48. Bending mode along z axis from FE model
The first bending mode along the z axis (First Bending (Z Axis)) according to the
FE model looks like Fig. 48 where every accelerometer along the z axis is capable of
capturing the vibrational response. As shown in Fig. 43, a 468 Hz mode is captured
by every sensor in the z axis and is not captured in any of the other axes indicating
that 468 Hz is the first bending in the z axis.
The first breathing mode along the x and y axes (First Breathing (X&Y Axis))
according to the FE model looks like Fig. 49 where only accelerometers 3, 7, 8 along
the x axis and along the y axis should be capable of capturing this mode frequency.
First Breathing (X&Y Axis) is found on the correct sensors at 559.5 Hz along the y
axis and 550 Hz along the x axis. There is a corresponding frequency captured along
the z axis by sensors 3 and 8 at 556.3 Hz that could belong to this mode shape and
doesn’t match up with any of the other predicted mode shapes.
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Figure 49. Breathing mode along x and y axes from FE model
Figure 50. Torsional mode around y axis from FE model
The first torsional mode around the y axis (First torsion (Y Axis)) according
to the FE model looks like Fig. 50 where every accelerometer on the x axis and
accelerometers 2, 4, 5, and 7 along the z axis should be capable of capturing the
vibrational response. According to Fig. 43, a frequency of 579.2 Hz along the x axis
and 575.9 Hz along the z axis is seen by the appropriate sensors.
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Figure 51. Experimentally measured frequency values (Hz) of empty 12U chassis with
associated axis and mode shape
The analysis of the predicted mode shapes and frequencies from the FE model
to the FBC test results yields Fig. 51 which is used in the validation process to
compare the vibrational frequency of each named mode to the updated FE models of
the empty 12U chassis.
Figure 52. Empty 12U FE model variations from the empty 12U chassis FBC test
results for different quantities of spring elements between screws and stiffness values
when using a tie connection to model the screws
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Figure 53. Empty 12U FE model variations from the empty 12U chassis FBC test
results for different stiffness values of spring elements when using a beam connection
to model the screws
Figure 52 shows the percent change of the empty 12U chassis FE model when
compared to the empty 12U chassis FBC test results using a tie connection constraint.
As the number and stiffness of the springs increases, the first bending mode along
the x axis is more agreeable with the test results. However, the first bending mode
along the z axis has a worsening disagreement with the test results. When the
tie assumption for the screws is modified to a beam constraint, Fig. 53 shows the
percent change of the empty 12U chassis FE model when compared to the empty 12U
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chassis FBC test results using a beam connection constraint. The beam connection
applies a rigid beam between the constraint points. Instead of constraining every
DOF to be identical in Fig 55, some rotation and translation DOF are allowed. The
main difference between the beam and tie connections for this research is the allowed
rotation that the beam connection introduces to the FE model. The use of the beam
connection continues stiffening the first bending in the x axis while decreasing the
stiffness in the z axis due to the allowed rotation of the modeled screws. Using the
beam connection with seven springs between each screw at a stiffness of 105 N/m
returns the most balanced results for matching each of the modes found in the test
results for the empty chassis. To finish validating the model, the full 12U chassis FBC
test results should be used to match up to the full 12U chassis FE model. However,
the full chassis FBC test resulted in a failure as shown in Fig. 34. The new 12U
chassis FE model now looks like Fig. 54 where all of the previous tie connections are
beam connections and there are seven springs between any two beam connections.
Figure 54. 12U FE model showing beam connections (MPC beam) and spring elements
between separate structures
3.4.3 Mass Stack Construction.
The mass stacks that are used to fill the empty 12U chassis are tested with the
FFBC test method described in Sec. 3.3.1. The FE model of a single mass stack
is created and validated using the same methods described in Sec. 3.4.1 & 3.4.2.
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Figure 55. 6 Degrees of Freedom (DOF) at each node of an element
Each mass stack uses two Adaptor Plates connected by threaded rods with stainless
steel through connectors and washers to correctly space the mass plates and Adaptor
Plates. The validation process for the mass stack yielded less than 5% variation
between the measured mass stack and the FE model of the mass stack.
Figure 56. Components of a mass stack
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3.5 Design Space
After the 12U FE model has been tested and validated, additional design space
considerations can be made, and methods to improve the usability can be analyzed.
The internal volume of the 12U chassis is a function of the standard 1U sizing and
spacing, but variations in the wall thickness could give more space between the outside
of the satellite and the inside of the CSD. Stack orientation (Fig. 57) and additional
support between stacks could be large sources of stiffening for the structure. By tying
stacks together along the axis of motion, specific modes can be modified to control
how the satellite will respond under normal loading conditions. Changing the stack
orientation can increase or decrease the number of screws holding each mass stack in
place.
Figure 57. 3 different orientations for a stack inside the 12U Chassis. Left: 6 screws
(red arrows). Center: 8 screws (blue arrows). Right: 7 screws (green arrows).
56
4. Results
In this chapter, the validated empty 12U chassis FE model developed in Ch. 3
has mass stacks included to create the full 12U chassis FE model and is verified from
the partial results of the FBC full 12U chassis vibration tests. Verifying the full 12U
chassis FE model allows for an increased confidence in the full 12U chassis predictions
for untested configurations of the 12U chassis. The reasons for failure of the FBC full
12U chassis vibration tests are analyzed along with proposed modifications to prevent
the failures in future testing.
4.1 Validation
Looking at the vibrational requirements imposed on AFIT’s 12U chassis from the
launch vehicle (Fig. 17), the validated full 12U chassis FE model has been modified
to account for different internal stack configurations as outlined in Sec. 3.5. By
modeling all 12 of the mass stacks in the 6, 7, and 8 screw configurations from Fig.
57, the first natural frequencies of each model are shown in Fig. 58.
Figure 58. The first natural frequency and mode shape of the full 12U FE model for
the different mass stack orientations
The validation process (Sec. 3.4.2) for the empty 12U chassis FE model results
in 5.55% difference on the first vibrational mode and less than 10% difference on the
next 5 modes.
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Figure 59. Staked mass stack after the first full 12U FBC vibration test
To check the validation process on the empty 12U chassis FE model, the FE
model natural frequency predictions are compared to the full 12U FBC experimentally
measured results. The Stack Adaptors in the FBC 0dB random vibration test for the
full 12U chassis failed twice. The screws of the mass stacks for the first full 12U
FBC testing are secured with a method called “staking”. The staking process uses
an epoxy to prevent the screws from backing out during the vibration test. The first
test failure resulted from plastic deformation of the Stack Adaptors (Fig. 60) and
loosening of screws from thread locking helicoils. The screws of the mass stacks for
the second full 12U FBC testing were secured using thread lock to prevent the screws
from backing out during the vibration test. The second test failure resulted from
sheared stack adaptor supports (Fig. 61) and screws completely vibrating out during
the first 0dB random vibration run of the test. The plastic deformation during the
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Figure 60. Plastic deformation of Stack Adaptor during first fully loaded vibe test
Figure 61. Sheared threaded rod during second 0dB fully loaded vibe test
first test can be prevented by placing a stainless steel washer between the stainless
steel standoffs and the aluminum Adaptor Plate (Fig. 61) to spread the applied force
from the bending of the rods over a larger area.
The two failures to test the fully loaded 12U chassis along all the x, y, and z axes
still yielded two results. First, the tests returned the first bending mode in the z
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axis of 105.8 Hz to be compared to the 6 screw FE model of 112.62 Hz yielding a
6.4% variation between the test results and the FE model. Because the data does not
exist to confirm the accuracy of any other mode in the fully loaded FE model, this
thesis is going to assume a worst case of 10% variation of the fully loaded FE model
predictions. The second result that the tests yielded is that the mass stacks need
additional support, not for any vibrational problem, but for loading support when
taken up to maximum mass.
4.1.1 Material Properties.
The material properties measured in Sec. 3.4.1 are much closer to aluminum 6061
than aluminum 7075 as shown in Fig. 62. Either the 7075 aluminum used making the
12U chassis structure was not manufactured to the correct standards or the material
test block used is actually 6061 aluminum. In the case of the poorly manufactured
7075 aluminum, the machined 12U chassis and the 12U chassis FE model would have
a first natural frequency of 97.53 Hz, decreasing the first natural frequency by 0.5
Hz. If the material test block is actually 6061 aluminum, then the small difference in
frequencies from the changed properties would yield a 0.3% change in the difference
between measured and modeled values.
Figure 62. Comparison of measured material properties to two sources of nominal
values for 6061 aluminum and 7075 aluminum
Do not blindly trust the material properties. All materials have a designed spec-
ification and a manufacturing tolerance. Factors of safety are used to avoid dealing
with manufacturing tolerances, but when creating an FE model, knowing the precise
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material properties can account for 1-2% error on the validation process.
4.1.2 Shear Stress In The Threaded Rods.
Figure 63. Mass stack geometry for location of accelerometer #6, threaded rod, and
mass plates
The shear stress limit τ on a circular cross-section is [38]
τ =
σ√
3
(14)
where σ is the tensile yield limit. For the threaded rods used on the 12U mass stacks,
the shear stress limit is 2.79e8 Pa. To calculate the total stress on one part of the
mass stack, accelerometer #6 is used (Fig. 63). By integrating across the GEVS
profile with the frequency and gain from Fig. 64, the total acceleration on one corner
of the mass stack from the 0dB random vibration test is estimated (App. B). The
mass attached to the same corner is estimated to be 0.2 kg from taking the 1.6 kg
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Figure 64. Acceleration from mass stack on top layer of the full 12U chassis during
initial sine sweep. Accelerometer number 6 along the z axis by the vibe test plan (App.
B) for the second full 12U chassis vibration test.
of mass plates inside the mass stack divided by the eight points where the plates
attach to the threaded rods, as shown in Fig. 63. The total acceleration times the
mass divided by the nominal area of the threaded rod (diameter = 3mm for an M3
rod) divided by 2 to account for both sides of the mass plate yields an average shear
stress of 2.74e8 Pa and factor of safety of 1.02. With the calculated shear stress so
close to the nominal shear yield value, any variation could cause threaded rods to
shear off. A few variations that could have caused the failure include pre-stressing
the threaded rods when torquing the standoffs onto the mass stack, small nicks or
fractures in the threaded rods near the stress concentration, or even variations in the
material properties from the nominal manufacturing specifications. When the mass
of the mass stacks decreases, the factor of safety increases, allowing for an increased
chance of stack survival at lower total system masses. Analysis that still needs to be
conducted is modification of the FE models to predict the stress in the 12U chassis
components and determine the maximum allowable mass in a single 1U cell to ensure
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structure survivability with the current chassis design.
4.2 Design Parameters
As currently designed, the fully loaded (24 kg) 12U chassis FE model predicts a
first natural frequency of 100 Hz or higher regardless of the orientation of the mass
stacks inside the chassis for PSC CSD boundary conditions. With a margin of 10%
to account for model errors and assumptions, the fully loaded 12U chassis is expected
to maintain a first natural frequency above 90 Hz. Adding additional constraints
to the mass stacks is one method to prevent structural failures like the second full
chassis vibration testing revealed. One technique to increase the boundary condition
constraints on the mass stacks is to place a support bar down the center of the 12U
chassis using already designed screw holes so that the mass stacks can screw into the
center bar to support the inside edge of the mass stacks as depicted in Fig. 65. The
proposed center bar is 4.35 mm thick to completely fill the space between the mass
stacks along the x axis, weighs 0.25 kg, which is 8.25% of the original 12U chassis
mass, and brings the total number of screws used to secure a single mass stack up
from 6, 7, and 8 screws to 8, 8, and 10 screws respectively. Adding the center
bar to the 6 screw model changes the x axis bending mode’s frequency from 97.055
Hz to 99.048 Hz and the z axis bending mode’s frequency from 112.62 Hz to 122.67
Hz. The increased stiffness along the z axis, along with the extra constraints on the
mass stacks, should reduce the magnitude of the vibrational accelerations on the mass
stacks, decreasing the shear stress loading on the threaded rods. To verify that the
stress in the mass stacks are actually reduced, either the full 12U structure needs to
be tested with FBC with the proposed center bar, or the FE model of the full 12U
chassis needs to be updated to predict the stress applied to the structure from the
vibration loads.
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Figure 65. Suggested center bar to support mass stacks along the center of the 12U
chassis
To investigate how to decrease the total mass of the 12U chassis while maintaining
the first natural frequency of the fully loaded 12U chassis above 70 Hz, decreases
to the thickness of the Y Wall and Z Wall of the full 12U chassis FE model are
investigated. Decreasing the thicknesses of the Z Wall and Y Wall allow for greater
internal and/or external usable volume on the 12U chassis with respect to PSC’s CSD
dimensional constraints and reduce the total weight of the structure allowing more
mass for satellite components. By decreasing the Z Wall thickness from 9.17 mm to
the same thickness as the Y Wall at 7.671 mm, the total mass of the structure drops
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by 0.12 kg, and 3 mm are added to the internal volume along the z axis assuming no
other walls change size and holes shift to the new center line.
Decreasing both the Y Wall and Z Wall to the same thickness as the Top Plate at
7.17 mm decreases the mass of the 12U chassis by 0.25 kg, bringing the total mass of
the empty 12U chassis down from 3.03 kg to 2.78 kg (not accounting for the proposed
center bar). The decrease in structure mass allows the mass stacks to increase and
increases the usable volume by 4 mm along the z axis and 1 mm along the x axis.
Instead of increasing the potential mass in the mass stacks, the mass savings could
account for the increased mass from the proposed center bar, leaving the empty 12U
chassis structure mass at 3.03 kg.
Figure 66. Changes to the first natural frequency of the full 12U FE model from
modifying the wall thickness and with and without the center bar to support mass
stacks
Decreasing the wall thicknesses below the thickness of the Top Plate reaches the
limits of wall thicknesses for drilling holes that can hold an M3 screw, so further
decrease is not modeled.
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5. Conclusions
In this chapter the validation process and 12U chassis design considerations are
reviewed and analyzed for future applications and research opportunities.
Chapter 1 discusses the growing field of CubeSat research and applications. There
is a strong trend to develop larger CubeSats that have increased operational capa-
bilities and increased mass requirements. Before integrating with a launch vehicle,
CubeSats have mass, volume, and vibrational requirements that must be met. The
mass and volume constraints are set by convention and the dispenser used to deploy
the CubeSat. The vibrational requirements are set by the launch vehicle used to reach
orbit and generally requires that the satellite stays above 35 Hz. This research is fo-
cused on ensuring that as the CubeSat increases in size, the vibrational requirements
are met for any standard launch vehicle.
Chapter 2 talks about the vibration environment imposed on CubeSats and the
testing that has been developed to validate satellites for launch. FE modeling is
introduced with the background information on eigenanalysis and the basics on how
to create an appropriate FE model. The validation process is discussed starting at
the component level and working up to how a system of parts can be validated.
Chapter 3 covers all of the testing and validation for the empty 12U chassis from
the test setup to a fully validated empty 12U chassis FE model. Discussions include
element selection, computation time, and modeling assumptions used to create the
12U chassis FE models and steps through the experimental setups for the FFBC and
FBC testing of the 12U chassis and the components of the 12U chassis. The validated
model developed at the end of Ch. 3 is the starting point for Ch. 4 where design
modifications of the 12U chassis are modeled and analyzed.
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5.1 Analysis Summary
The validated empty 12U chassis FE model is loaded to the full 24 kg and com-
pared to the full 12U chassis FBC vibration test results. The new full 12U chassis FE
model shows a 6.4% variation between the FBC test and the FE model predictions for
the First Bending (Z Axis). The full 12U chassis FE model is then reconfigured for
the three different stack configurations shown in Fig. 57, and shows that the lowest
predicted frequency for the current 12U chassis structure when fully loaded is 97.055
Hz along the x axis when only 6 screws can be used to support each mass stack.
Reductions in mass are analyzed by reducing the wall thickness for the Y Wall and Z
Wall of the 12U chassis and analyzing how the first natural frequency changes. The
analysis shows that making every wall of the 12U chassis the same thickness equal
to the thinnest wall in the current design reduced the first natural frequency from
97.055 Hz to 91.884 Hz.
Analysis was also accomplished on why the full 12U chassis FBC vibration testing
failed twice. The first test failure was due to plastic deformation between the 7075
aluminum Stack Adaptor and the stainless steel through adaptor. The solution used
to prevent the deformation on the second run of the test was to apply a stainless
steel washer between the Stack Adaptor and the through adaptor (top of Fig. 61).
The second full 12U chassis FBC vibration test failed due to shearing of the threaded
rods connecting the mass to the Stack Adaptors. The shear stress analysis of a single
stack revealed a factor of safety of 1.02 on the threaded rods. One potential solution
investigated is the addition of a support bar down the center of the 12U chassis (Fig.
65) to create additional boundary conditions for every mass stack in the 12U chassis.
Analysis into how well the suggested support bar improves the stress levels in the
mass stacks will require updates to the FE models to obtain stress predictions or
creation of the support bar and testing on the vibration table.
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Small variations to the 12U chassis structure do not decrease the structural stiff-
ness enough to bring the first vibrational mode down below 70 Hz. Decreasing the
wall thicknesses to a uniform thickness increases the amount of usable volume that
the structure has when placed inside PSC’s CSD, and can be designed to increase
either the internal or external volume of the 12U chassis. The worst case prediction
is 91.884 Hz where the Y Walls and Z Walls are thinned out to the same thickness
of the Top Plate. With an assumed percent error of 10% in the model, the predicted
frequency could be as low as 82.7 Hz. Decreasing the wall thicknesses cuts 0.25 kg
from the structure and increases the usable volume of the 12U chassis by 4 mm along
the z axis and 1 mm along the x axis.
Analyzing the first natural frequency of the full 12U chassis FE model indicates
that the 12U chassis structure is stiff enough as is to prevent vibrational interference
between the satellite structure and any launch vehicle by staying above 70 Hz.
5.2 Suggested Future Work
The current 12U chassis design is stiffer and more massive than required to meet
the vibrational loads. However, the support structure is not in place to ensure com-
ponent and stack support survival against stress loads. Suggested future work on the
FE model should include a stress analysis to analyze design changes for how well the
structure supports the 1U mass stacks. Analysis should include how light the 1U
stacks need to be to ensure survivability without any internal support and what is
the lightest internal support needed to ensure survivability of the heaviest expected
1U stack.
• The use of thread locking helicoils works significantly better than the thread
lock, and almost as well as staking. Fewer than 10 out of 260 screws loosened
over the two full 12U vibration test runs while none of the 48 staked screws
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loosened during the first full 12U vibration test run and 13 of the 48 thread
locked screws on the second full 12U vibration test run loosened and two more
completely unscrewed during the test. The helicoils also support a stronger
applied torque than possible in aluminum threads. If the applied torque is
raised from 4.5 in-lbs. to around 10 in-lbs. for the thread locking helicoils,
the number of screw failures should decrease even more. Finally for integration
testing in a laboratory setting, the helicoils save 24 hours for each different
satellite configuration being tested on the vibration table over staking or thread
lock since both methods of securing the screws require 24 hours to fully cure
before testing.
• The Y Wall and Z Wall are both thicker than needed to support the full mass
of a 12U during vibration testing. Having different thicknesses of walls requires
additional processes when manufacturing. To reduce the mass of the 12U chassis
and improve the machining times for the 12U chassis, decrease all of the 12U
chassis walls to the same thickness.
• Internal support along the center of the 12U chassis is mandatory if the 1U
stacks are being loaded to the design limits. The shear stresses on the 1U mass
stacks have been shown to exceed the shear yield limit of the M3 threaded
rod. Connecting the mass stacks along the center of the 12U chassis creates
additional paths for stresses to travel.
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Appendix A. Vibe Table Test Plan
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EXPERIMENTAL VIBRATION FACILITY DATE__________________________ 
 
The following personnel are designated as test team members, and are chartered to perform 
their assignment as follows: 
 
Test Conductor (TC) – Responsible for the timely performance of the test as written.  This 
includes coordinating and directing the activities of the Red Crew and other test support teams.  
TC is responsible for coordinating all pretest activities and outside support required, including 
(but not limited to) security, fire, medical, and safety.  TC is responsible for initialing completion 
on each step of the master test procedure. 
Name_Daniel Miller     _______________   Signature________________________________ 
 
Test Director (TD) – Responsible for overall facility and test safety.  Responsible for ensuring 
all test goals are met and all critical data is acquired.  Supervises test activities to ensure 
procedures are followed.  Has authority to perform real-time redlines on test procedures as 
required to ensure test requirements and goals are met.  
Name_Chris Sheffield ________________   Signature________________________________ 
 
Red Crew Leader (RCL) – Responsible for directing the activities of Red Crew members.  
Reports directly to the TC and ensures all Red Crew tasks are completed.  Responsible for 
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Name_Daniel Miller __________________   Signature________________________________ 
 
Test Panel Operator (TPO) – Responsible for operating the facility control systems during test 
operations as directed by TC.  TPO is responsible for notifying the TC of any anomalous 
conditions. 
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Red Crew Member (RCM) – Reports to the RCL.  RCM is responsible for performing test-
related tasks as directed by RCL. 
Name______________________________   Signature________________________________ 
 
Name______________________________   Signature________________________________ 
 
Functional Test Conductor – Responsible for performing functional test in support of test. 
Name______________________________   Signature________________________________ 
 
Name______________________________   Signature________________________________ 
 
 
EXCEPTIONS – When filling all positions is not possible, the Test Conductor will assume the 
duties of any empty position until the completion of the test or a suitable replacement is 
designated.  
 
ALL TEST TEAM MEMBERS – Responsible for the safe performance of the test. Have read 
and understood all portions of the test procedure.  Any Test Team Member can declare an 
emergency or unsafe condition. 
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1.0  1.0    ABBREVATIONS AND ACRYONMS 
 
AFIT Air Force Institute of Technology 
dB Decibel 
DOF Degree of Freedom 
EM Engineering Model 
FOD Foreign Object Debris 
FV Flight Vehicle 
HAZCOM Hazardous Communication 
ICD Interface Control Document 
MPE Maximum Predicted Environment 
PCB Printed Circuit Board 
PPE Personal Protective Equipment 
QM Qualification Model 
RCL Red Crew Leader 
RCM Red Crew Member 
SOS Space Object Self-tracker 
STE Special Test Equipment 
TC Test Conductor 
TD Test Director 
TOP Test Operating Procedure 
TPO Test Panel Operator 
VTP Vibration Test Procedure 
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2.0 
 
 2.0    TEST DESCRIPTION AND OBJECTIVES 
 
  2.1 PURPOSE 
 
This procedure provides the means to perform vibration testing for test 
articles supplied relating to the 12U CUBESAT CHASSIS. The 12U 
CUBESAT CHASSIS test campaign is a structure and model validation 
plan intended to mitigate technology concerns for a future flight in a 
Planetary Systems Corp Canisterized Satellite Dispenser (PSC-CSD) in 
later years.  The AFIT Vibration Facility will be configured with the 
proper special test equipment (STE) to direct, and measure “maximum 
predicted environments” associated with launching the 12U Chassis 
according to the PSC-CSD Payload Specification (see Appendix 6.0). 
 
2.2  2.2 SCOPE 
 
This procedure prepares the instrumentation and control system as well 
as verifies the proper mechanical configuration during the pre-test 
setup (note that the 12U Chassis will be tested at empty mass (~3kg) 
and full mass (24kg) for all phases of this test series).  Upon completion 
of the setup, appropriate levels for Sine, Random and Sine-Burst/Shock 
environments will be configured to test the prototype in X, Y and Z 
axes.  Rationale for each test is as follows: 
 
Sine Sweep: The objective of the Sine sweep is to determine the 
fundamental and further natural frequencies, modal shapes and modal 
gain of the structure in the three main axis, and, by repeating this test 
after the high-level sine burst and random vibration, to determine 
whether anything in the satellite has changed/broken as a result of the 
tests by comparing the Sine sweep responses pre- and post-test. The 
fundamental frequency must meet launch vehicle requirements as well. 
This information will aid in analysis of any design changes that may be 
made if certain components fail. 
 
Random Vibration: The objective of this test is to verify the capability of 
the satellite structure and components to withstand the fatigue 
introduced during launch.  
 
Sine Burst / Shock (AS REQUIRED): The objective of this test is to 
check the static strength of the spacecraft structure to determine 
whether it can withstand the launch acceleration loads. To ensure that 
testing in one axis at a time will adequately stress the structure, 
encompassing the multi-axis design loads specified by NASA GEVS for 
payloads, the single axis acceleration must be higher than is needed to 
adequately test the spacecraft. 
 
Stand-Characterization (AS REQUIRED): The goal of the stand-
characterization test is to show that the vertical acceleration of the top 
of the vibration stand is two orders of magnitude less than the 
horizontal acceleration, thereby showing that the stand can be 
accurately considered as a rigid-body. 
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Test recycling will take place as necessary.  The test facility will then be 
properly secured and reconfigured to a safe state for normal 
operations.  Data will be reviewed and archived.  Any facility anomalies 
or lessons observed will be noted in a final test report. 
2.3  2.3 OBJECTIVES/SUCCESS CRITERIA 
 
Complete Success  
1. Pre- and Post-Sine sweeps are within 1% 
2. No items are free during tip test 
3. No structural failures  
4. First natural frequency > 100 Hz 
 
Marginal Success  
1. Pre- and Post-Sine sweeps are < 10% 
2. No structural items are free during tip test (bolts, brackets, etc.) 
3. Structural failures occur, but they do not inhibit satellite operation 
4. First natural frequency > 70 Hz 
  
Unsuccessful 
1. Pre- and Post-Sine sweeps are > 10% 
2. Structural items are free during tip test 
3. Structural failures occur that inhibit satellite operations 
4. First natural frequency < 70 Hz 
 
3.0  3.0    DOCUMENTATION 
 
The completion of each applicable event shall be verified by initialing to 
the left of the item number. Deviations from these procedures will be 
coordinated with the Test Conductor. (NOTE: TD has the local authority 
to approve red-line revisions to this procedure). 
 
_____3.1  3.1 REFERENCE DOCUMENTS 
 
NONE 
 
_____3.2  3.2 SPECIFICATIONS 
 
The following list of specifications shall be used as a guide: 
 
Planetary Systems Corporation Payload Specification for 3U, 6U, 12U 
AND 27U (2002367 Rev - 25 July 2012) 
NASA GEVS (GSFC-STD-7000A - 22 April 2013) 
 
_____3.3  3.3 DRAWINGS 
 
NONE 
 
4.0  4.0    TEST REQUIREMENTS AND RESTRICTIONS 
 
_____4.1  4.1 TRAINING 
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The following training is required for personnel using these procedures: 
 
All personnel: 
Job Site General Lab Safety Briefing 
  
_____4.2  4.2 MAXIMUM PERSONNEL: 
 
Control Room: 15 
 
_____4.3  4.3 LIST OF EQUIPMENT 
 
12U Test Pod, 12U Chassis Test Article, mass stacks, spare tool set, 
fasteners, camera, spare components 
 
Ensure all tools associated with this experiment/test/operation are 
accounted for prior to initiating system/item test.  Ensure all FOD is 
picked up from around the test facility. 
5.0  5.0    SAFETY REQUIREMENTS 
 
_____5.1  5.1 PERSONNEL PROTECTIVE EQUIPMENT REQUIREMENTS 
 
Standard PPE:  Safety goggles or glasses (as required), hearing 
protection (when required), boots – soles and heels made of semi-
conductive rubber containing no nails.  
 
All jewelry will be removed by test members while working on the test 
facility. No ties or other loose clothing permitted (at TD discretion). 
 
_____5.2  5.2 EMERGENCY PROCEDURES 
 
In the event of an emergency that jeopardizes the safety of the 
operators or other personnel perform Section 11.0 emergency 
procedures at the end of this document. 
 
_____5.3  5.3 TEST AREA ACCESS DURING OPERATIONS 
 
The test facility room will be limited to test personnel only.  Personnel 
will not be allowed access to the test area unless cleared by the TD. 
 
_____5.4  5.4 SPECIAL INSTRUCTIONS 
 
A qualified technician should provide orientation for operation and 
maintenance of the vibration table and the proper faculty member / 
instructor should be consulted on test-series set points prior to test 
operations commencing.  
 
Test Crew members shall place all cellular telephones on “silent mode” 
or turn off prior to completing any portion of this procedure.   
 
Test Crew Members shall notify the TD of any leaks from hydraulic 
system, or pneumatic system pipe or tubing connections. 
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6.0  6.0    PRE-TEST SETUP 
 
_____6.1 TC VERIFY all pages in this procedure are intact and complete. 
 
_____6.2 TC READ procedure and input any specific information required to perform 
operation. 
 
_____6.3 TC VERIFY with Facility Management that no open Work Orders / Issues 
are listed for the Vibration Test Facility impeding operations. 
  
_____6.4 TC PERFORM Setup Brief with Test Crew Members and note any redline 
changes on Appendices. 
 
_____6.5 TC VERIFY Test Team has donned standard PPE (and noted restrictions / 
special instructions). 
 
_____6.6 TC INITIATE the following Procedures/Appendices(s): 
 
NOTE:  All appendices can be completed independently from one 
another – there is no order to completion. 
 
Appendix 1– Control System Setup 
 
Appendix 2 – Mechanical Setup  
 
_____6.7 TC VERIFY that Appendices are complete. 
 
_____  Appendix 1             _____  Appendix 2 
 
_____6.8 TC PERFORM Pre-Operation Brief with Test Crew Members 
 
_ Objective 
_ Personnel and assigned roles/duties 
_ Safety: materials, PPE, communication, etc.  
_ Sequence of events  
_ Emergency procedures 
 
_____6.8.1 
 
_____6.8.2 
 
 
TC  
 
TC 
RECORD Pre-Test Brief Time ________ 
 
VERIFY all personnel involved with the operation have signed this 
procedure. 
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_____6.9 
 
   TC EXECUTE Pre-Test functional test according to designated Functional 
Test Plan, per cover sheet 
 
 
 
 
 
 
_____6.10 
 
  TD PERFORM Pre-Test accelerometer verification test by positioning the 
accelerometers (minimum of 5) on the edge of the slip table as shown 
in the figure below. 
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7.0  7.0    TEST SERIES FLOW / PLAN 
 
NOTE: Refer to the screenshots in Sections 8.0 and 9.0 for test levels 
and timing. 
 
7.1  7.1 Z-AXIS VIBRATIONAL TESTING 
 
_____7.1.1 TC VERIFY 12U Chassis/Accelerometer Positioning is correct for Z-axis 
test, per Appendix 5.0 
 
_____7.1.2 TC EXECUTE Sine Sweep Test, Section 8.0 
 
_____7.1.3 TC EXECUTE Random Vibe Test, Section 9.0 
 
_____7.1.4 TC EXECUTE Sine Sweep Test, Section 8.0 
 
_____7.1.5 TC REPEAT 7.1.3  - 7.1.4 for each desired dB level 
 
_____7.1.6 
 
 
_____7.1.7 
TC  
 
 
TC 
EXECUTE Z-axis functional test according to designated Functional 
Test Plan, per cover sheet 
 
RECORD data/results in Appendix 4.0 
 
7.2 
 
 7.2 X-AXIS VIBRATIONAL TESTING 
 
_____7.2.1 TC RECONFIGURE 12U Chassis/Accelerometer Positioning for X-axis 
test, per Appendix 5.0 
 
_____7.2.2 TC EXECUTE Sine Sweep Test, Section 8.0 
 
_____7.2.3 TC EXECUTE Random Vibe Test, Section 9.0 
 
_____7.2.4 TC  
 
EXECUTE Sine Sweep Test, Section 8.0 
_____7.2.5 TC REPEAT 7.2.3  - 7.2.4 for each desired dB level 
_____7.2.6 TC EXECUTE X-axis functional test according to designated Functional 
Test Plan, per cover sheet 
_____7.2.7 TC RECORD data/results in Appendix 4.0 
 
7.3 
 
 
 
7.3 Y-AXIS VIBRATIONAL TESTING 
 
_____7.3.1 TC VERIFY 12U Chassis/Accelerometer Positioning is correct for Y-axis 
test, per Appendix 5.0 
 
_____7.3.2 TC EXECUTE Sine Sweep Test, Section 8.0 
 
_____7.3.3 TC EXECUTE Random Vibe Test, Section 9.0 
 
_____7.3.4 TC EXECUTE Sine Sweep Test, Section 8.0 
 
_____7.3.5 TC REPEAT 7.1.3  - 7.1.4 for each desired dB level 
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_____7.3.6 
 
 
_____7.3.7 
TC  
 
 
TC 
EXECUTE Y-axis functional test according to designated Functional 
Test Plan, per cover sheet 
 
RECORD data/results in Appendix 4.0 
 
7.4 
 
TC 
 
GO TO Section 10. 
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8.0 
 
 
 8.0    SINE-SWEEP TEST 
 
 
 
 
_____8.1 
 
 
 
TPO 
NOTE: It is critical that the following file be the proper file according to 
the configuration intended to be tested (i.e., X&Y-Axis vs Z-axis).  
 
OPEN “12U_sine_half_g_Up” file  
 
_____8.2 TPO SELECT “Profile Settings” and verify/enter the following parameters: 
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_____8.3 TPO SELECT “Schedule Setup” and verify/enter the following parameters: 
 
 
 
 
_____8.4 RCL VERIFY all test personnel are clear of the test equipment and are still 
wearing proper PPE. 
  
CAUTION: Test to commence with the completion of the next step.  
Anomalous conditions witnessed by ANY test team member are to be 
reported to TC immediately for command decision (unity of 
command).  TPO to be ready to initiate an ABORT command if 
directed by TC.   
 
_____8.5 TPO SELECT “START” button on the test control window 
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_____8.6 TPO SELECT “Post Analysis” menu, “Save Plot to ASCII file” save file in 
format: 
 
Sx_r1_MMDD_HHmm_U.xxx 
 
Where, 
S := Type of Test (Sine-Sweep) 
x := Test Axis (x-Axis; y-Axis; z-axis) 
r1 := Run number (r1, r2, r3, etc.) 
MM := Two-digit month 
DD := Two-digit day 
HH := Two-digit hour (24-hour time) 
mm := Two-digit minute 
U := Sine direction (Up or Down) 
 
_____8.7 RCL Upon completion of test, initiate quick visual inspection for post-test 
anomalous conditions. Take photo. 
 
_____8.8 
 
TPO SAVE a screenshot of the graph tool. 
 
_____8.9 
 
TPO RECORD Test / Initial Results in Data Log, Appendix 4 
 
_____8.10 TC RETURN to next process flow, Section 7.0 
 
END OF SINE-SWEEP TEST 
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9.0  9.0    RANDOM-VIBE TEST 
 
_____9.1 TPO SELECT “Profile Settings” and load the appropriate profile 
 
OPEN the appropriate axis’ profile  
___ “12U_Random_X_Axis.pro” 
___ “12U_Random_Y_Axis.pro” 
___ “12U_Random_Z_Axis.pro” 
 
 
_____9.2 TPO VERIFY/ENTER the following parameters according to the NASA 
GEVS active profile found in Appendix 6 (Frequencies and 
accelerations are axis specific). 
 
 
_____9.3 TPO SELECT “Schedule Setup” and verify/enter the following parameters 
(Adjust Level (dB) to the correct level for each test: 
 
 Status Level 
(dB) 
Time at Level Time to Level Alarm 
Action 
2 On 0.000 
(adjust) 
0000:001:000 0000:000:000 Abort 
3 Off     
 
NOTE: Initial Test Limit should read 15 when testing -12dB (should 
read 12 for all other tests) 
 
X: ___ -12 dB  ___ -6 dB  ___ 0 dB 
 
Z: ___ -12 dB  ___ -6 dB  ___ 0 dB 
 
Y: ___ -12 dB  ___ -6 dB  ___ 0 dB 
 
 
 
_____9.4 RCL SELECT “Controls”, then the “Control Setup” tab, and 
VERIFY/SELECT “Automatic” Mode. 
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_____9.5 RCL VERIFY all test personnel are clear of the test equipment and are still 
wearing correct PPE. 
  
CAUTION: Test to commence with the completion of the next step.  
Anomalous conditions witnessed by ANY test team member are to be 
reported to TC immediately for command decision (unity of 
command).  TPO to be ready to initiate an ABORT command if 
directed by TC.   
 
_____9.6 
 
TPO 
 
SELECT “START” button on the test control window 
 
 
 
_____9.7 
 
 
 
 
 
 
 
 
 
 
 
TPO 
 
 
 
 
SELECT “Post Analysis” menu, “Save Plot to ASCII  file” save file in 
format: 
Rx_r1_MMDD_HHmm_DB.xxx 
Where, 
S := Type of Test (Random) 
x := Test Axis (x-Axis; y-Axis; z-axis) 
r1 := Run number (r1, r2, r3, etc.) 
MM := Two-digit month 
DD := Two-digit day 
HH := Two-digit hour (24-hour time) 
mm := Two-digit minute 
DB := Decibel Level (absolute value: -12, -6, 0) 
 
_____9.8 
 
TPO 
 
EXECUTE functional test according to designated Functional Test 
Plan, per cover sheet. 
 
_____9.9 
 
TPO 
 
If functional test fails, STOP test, correct error, and restart test from 
the beginning, otherwise CONTINUE. 
 
_____9.10 RCL Upon completion of test, initiate quick visual inspection for post-test 
anomalous conditions.  Take photo.   
 
_____9.11 TPO SAVE a screenshot of the graph tool. 
 
_____9.12 TPO RECORD Test / Initial Results in Data Log, Appendix 4.0 
 
_____9.13 TC RETURN to next process flow, Section 7.0 
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END OF RANDOM VIBE TEST 
 
 
 
 
10.0  10.0    SHAKER-TABLE SHUT-DOWN 
 
_____10.1 RCM PRESS STOP on cooling system M-Series Control Panel 
 
_____10.2 RCM CLOSE shop-air isolation hand-valve 
 
 
_____10.3 RCM TURN OFF Slip Table power 
_____10.4 RCM TURN OFF Circuit Breaker No. 7 (Power Station 480V, 3-Phase, 3W) 
*Wait 3 minutes for cooling system to self-shutoff. 
 
_____10.5 TC SIGN to confirm completion, date and archive for reporting. 
 
Procedure Completed ______________________ Date________ 
                                                  Test Conductor 
 
END OF SHAKER TABLE SHUT-DOWN 
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11.0  11.0    EMERGENCY RESPONSE 
 
NOTE:  Perform the following steps in the event of a major leak, fire or 
other anomaly which cannot be safely managed by normal securing 
operations.  TC shall have authority (On-Scene Command) over the 
situation until relieved from support organizations.   
 
_____11.1 TC If necessary, EVACUATE and/or Dial 9-911 to notify fire department of 
emergency 
 
_____11.2 TPO If possible/safe and necessary, Press emergency shutoff (Red button 
located on the wall next to doorway) 
_____11.3 TPO If possible/safe, ABORT any test currently in process 
_____11.4 RCM If possible/safe, CLOSE shop-air isolation hand-valve 
_____11.5 RCM If possible/safe, TURN OFF Circuit Breaker No. 7 (Power Station 480V, 3-
Phase, 3W) 
 
_____11.6 ANY If necessary, Brief fire department and medics when they arrive.  
 
 
 
_____11.7 TD 
 
Continue to Monitor Facility until condition has been secured.  
 
END OF EMERGENCY RESPONSE 
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APPENDIX 1.0 – Control System Setup 
Date__________   Time___________ 
 
NOTE:  If there are any deviations to the verification steps below, note these exceptions and report 
them to the TD. 
 
1.0  CONTROL SYSTEM SETUP 
 
_____1.1 TPO TURN ON Spectral Dynamics control system computer 
 
_____1.2 
 
_____1.3 
 
TPO 
 
TPO 
SELECT “Puma” shortcut on desktop 
 
SELECT test type (Sine, Random Vibe, Sine Burst) 
_____1.4 TPO SELECT Channel Definition Menu  
 
_____1.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
_____1.6 
 
TPO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TPO 
Verify / Enter the following parameters from the PUMA channel 
definitions (Accel serial # and channel will vary.  Use corresponding 
sensitivity for each accel.): 
 
Figure 1: Sine Sweep 
 
Figure 2: Random Vibe 
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Verify / Enter Accelerometer Values 
 
Name 
Serial 
# 
Type 
Sensitivity 
(mv/Unit) 
Coupling 
CH 1  Control  AC 
CH 2  Measurement  AC 
CH 3  Measurement  AC 
CH 4  Measurement  AC 
CH 5  Measurement  AC 
CH 6  Measurement  AC 
CH 7  Measurement  AC 
CH 8  Measurement  AC 
 
 
_____1.7 TPO Sign and Return to TD upon completion of Appendix 
 
TPO Signature____________________________________ 
 
END OF APPENDIX 1.0 – Control System Setup 
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APPENDIX 2.0 – Mechanical Setup 
Date__________   Time___________ 
 
2.0 
 
 STE SETUP 
 
_____2.0.1 _____ Verify Red Crew has donned Standard PPE and has hearing protection 
ready/available 
 
_____2.0.2 RCM SECURE into STE fixture (thumb-screws hand-tight) 
     ____ X Axis     ____ Y Axis     ____ Z Axis 
 
_____2.0.3 RCM AFFIX accelerometers per Appendix 5.0 
 
2.1 
 
 SHAKER-TABLE SETUP 
 
_____2.1.1 RCM NOTE:  The next step only pertains to operations utilizing the slip table (if not 
to be used, skip to the following step) 
 
_____2.1.2 RCM PRESS START on Vibe-Slip Table and WAIT until oil emanates (~10min) from 
the sides/edges of the slip table, then PROCEED. 
 
_____2.1.3 RCM SLOWLY OPEN shop-air isolation hand-valve to OPEN 
 
_____2.1.4 RCM Verify >90 psig on shaker-table inlet gauge 
 
  TURN ON Circuit Breaker No. 7 (Power Station 480V, 3-Phase, 3W) 
 
_____2.1.5 RCM PRESS START on cooling system M-Series Control Panel 
 
_____2.1.6 RCM VERIFY all lights are GREEN on Control Panel and GAIN is set to 6.0 
 
_____2.1.7 RCL Sign and Return to TD upon completion of Attachment. 
 
 
RCL Signature____________________________________ 
 
END OF ATTACHMENT 2 
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APPENDIX 3.0 – TOP Process Flow Diagram 
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APPENDIX 4.0 – Test Log 
ITEM TIME EVENT / STATUS FILENAME 
(#) (HHMM) (Description) (Sx_r1_MMDD_HHMM) 
1       
2      
3       
4       
5       
6       
7       
8       
9       
10       
11       
12       
13       
14       
15       
16       
17       
18       
19       
20       
21       
22       
23       
24       
25       
26       
27       
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APPENDIX 5.0 –Accelerometer Positioning  
 
6.0 
 
 X-AXIS/Y-AXIS/Z-AXIS SETUP 
 
 
_____ 6.1 
  
SECURE Test Fixture to vibration table with appropriate axis of 12U Chassis 
in the direction of motion as shown: 
 
NOTE: All accelerometers need to be positioned in-line with the shaker-axis 
(same orientation as the control accelerometer).  
 
_____ 6.2 RCL POSITION accelerometers in the following locations based on test axis and 
full or empty chassis: 
(If insufficient working sensors, drop the highest numbers first, ensure at least 
6 operational sensors) 
 
Empty Chassis 
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Full Chassis 
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APPENDIX 6.0 - Excerpt from GSFC-STD-7000A 
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Appendix B. Shear Stress Calculation Code
101
Daniel Miller - Finding total shear stress
%Pull out required values from data
Ch6 = AccelData{1,end}{1,6}(:,end); %g ((m/s^2)/9.81)
Freq = AccelData{1,end}{1,6}(:,1); %Hz
Control = AccelData{1,end}{1,1}(:,end); %g ((m/s^2)/9.81)
%Calculate gain at each frequency
Gain = Ch6./Control;
%Rising slope and y-intercept
m1 = (.16-.026)/(50-20);
b1 = .16-50*m1;
%Falling slope and y-intercept
m2 = (.026-.16)/(2000-800);
b2 = .16-800*m2;
%Setting initial variables to zero
Acceleration = zeros(length(Freq),1);
Shear = 0;
%Estimated mass
Mass = 0.2; %Kg
%Area of M3 threaded rod
Area = pi*.003^2; %m^2
for ii = 1:length(Freq)
%Rising slope of GEVS random vibration profile
if Freq(ii) < 50
      Acceleration(ii) = ((m1.*Freq(ii)+b1).*Freq(ii)).^(.5).*Gain(ii);
%Horizontal portion of GEVS random vibration profile
else if Freq(ii) >= 50 && Freq(ii) <= 800
      Acceleration(ii) = (.16.*Freq(ii)).^(.5).*Gain(ii);
%Falling slope of GEVS random vibration profile
else
      Acceleration(ii) = ((m2.*Freq(ii)+b2).*Freq(ii)).^(.5).*Gain(ii);
end
end
%Summing of shear stress
       Shear = Shear + Acceleration(ii)*9.81*Mass/Area;
end
%divide by 2 to get shear on each side of mass plate / threaded rod
%interface
Shear = Shear/2
%Shear limit from tensile strength
MaxShear = 4.82633e8/sqrt(3);
Page 1 of 2Daniel Miller - Finding total shear stress
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Published with MATLAB® R2015a
%Factor of Safety for calculated shear to shear limit
FactorOfSafety = MaxShear/Shear
Shear =
   2.7380e+08
FactorOfSafety =
    1.0177
Page 2 of 2Daniel Miller - Finding total shear stress
2/1/2016file:///I:/Thesis%20Docs/12U%20Vibe%20Plots/html/MassStackShearAnalysis.html
Bibliography
1. “National Reconnaissance Office 2013 Innovation Campaign: The CubeSat
Program,” National Reconnaissance Office, Tech. Rep., 2013. [Online]. Available:
http://www.nro.gov/about/innovation/2013-05.pdf
2. S. Tsitas and M. Gough, “Nano-Satellite Offers Best Hope for Australia’s Future
in Space,” University of New South Wales, Tech. Rep., 2012. [Online]. Available:
http://spaceref.com/news/viewpr.html?pid=37795
3. “PL-1 Pumpkin Price List Complete CubeSat Kits,” 2015. [Online]. Available:
http://www.pumpkininc.com/content/doc/forms/pricelist.pdf
4. G. Norris, “Go For Launch,” Aviat. Week Space Technol., vol. 175, no. 42, p. 46,
2013. [Online]. Available: http://magz.elibraries.eu/ul/4527/AviationWeek{\&}
SpaceTechnologyVolume175issue429December2013.pdf
5. R. Heyner, W. Holemans, and F. Azure, “Payload Specification for 3U,
6U, 12U and 27U,” Planetary Systems Corporation, Tech. Rep., 2015.
[Online]. Available: http://www.planetarysystemscorp.com/web/wp-content/
uploads/2015/08/2002367C-Payload-Spec-for-3U-6U-12U-27U1.pdf
6. R. C. Latta, “Structural Analysis of a 6U CubeSat Chassis,” 2014.
7. S. L. Obispo, “CUBESAT Design Specifications Document,” California Polytech-
nical Institute, Tech. Rep., 2001.
8. R. Hevner, R. Williams, and W. Holemans, “Canisterized Satellite
Dispenser ( CSD ) As A Standard For Integrating and Dispensing
Hosted Payloads on Large Spacecraft and Launch Vehicles,” Plane-
tary Systems Corporation, Tech. Rep. May, 2014. [Online]. Available:
http://www.planetarysystemscorp.com/web/wp-content/uploads/2014/09/
Canisterized-Satellite-Dispenser-CSD-As-A-Standard-For-Integrating-and-Dispensing-Hosted-Payloads-on-Large-Spacecraft-and-Launch-Vehicles-presentation1.
pdf
9. “2002337C Canisterized Satellite Dispenser Data Sheet,” Plane-
tary Systems Corporation, Tech. Rep., 2015. [Online]. Avail-
able: http://www.planetarysystemscorp.com/web/wp-content/uploads/2015/
08/2002337C-CSD-Data-Sheet.pdf
10. “General Environmental Verification Standard (GEVS),” NASA Goddard Space
Flight Center, Greenbelt, MD, Tech. Rep., 2013. [Online]. Available: http:
//snebulos.mit.edu/projects/reference/NASA-Generic/GSFC-STD-7000A.pdf
11. J. S. Wood, “Launch Vehicles,” in Sp. Mission Enineering New SMAD, J. R.
Wertz, D. F. Everett, and J. J. Puschell, Eds. Hawthorne, CA: Microcosm, Inc.,
2011, ch. 26, pp. 829–860.
104
12. R. Sharp, “Preliminary 12U Testing,” Air Force Institute of Technology, 2015.
13. T. P. Sarafin, “Developing Spacecraft Structures and Mechanisms,” in Spacecr.
Struct. Mech. From Concept to Launch, 4th ed., T. P. Sarafin and W. J. Larson,
Eds. El Segundo, CA: Microcosm, Inc., 2003, ch. 1.
14. C. Diaz, “The Importance and Challenge of Launch Environment Testing,”
California Polytechnic State University, Tech. Rep., 2012. [Online]. Avail-
able: http://digitalcommons.calpoly.edu/cgi/viewcontent.cgi?article=1071{\&}
context=aerosp
15. C. D. Johnson and P. S. Wilke, “Protecting Satellites from the Dynamics of the
Launch Environment,” CSA Engineering, Inc., Mountain View, CA, Tech. Rep.,
2003.
16. T. Bittel, C. Kobza, D. Miller, and M. Wilmer, “Structure: Test & Analysis,” in
ASYS 632 OPTIMUS/ARTEMIS Final Present., AFIT Machine Shop, 2015.
17. C. Sheffield, “Environment Testing Lecture,” in ASYS 632, Air Force Institute
of Technology, 2015.
18. R. Cobb, “Satellite/Rocket Body Interface Interview,” Air Force Institute of
Technology, 2015.
19. L. Meirovitch, Fundamentals of Vibrations. McGraw-Hill, 2001.
20. M. Ishitobi and S. Liang, “On zeros of Discrete-Time Models for Collocated Mass-
Damper-Spring Systems,” Am. Soc. Mech. Eng., vol. 126, no. 1, pp. 205–210,
2003.
21. R. Cobb, “Beam Theory,” in MECH 719 Vib. Damping Control, Air Force Insti-
tute of Technology, 2015.
22. R. D. Cook, D. S. Malkus, M. E. Plesha, and R. J. Witt, “One-Dimensional
Elements and Computational Procedures,” in Concepts Appl. Finite Elem. Anal.,
4th ed. John Wiley & Sons, Inc., 2002.
23. A. Jennings, “Introduction to Finite Element Analysis and Computer-Aided De-
sign,” in MECH 642, Air Force Institute of Technology, 2014.
24. V. Adams and A. Askenazi, “Finite Element Model Building,” in Build. Better
Prod. with Finite Elem. Anal., 1st ed. Onword Press, 1999, ch. 7.
25. “Special-Purpose Elements,” in Abaqus Anal. User’s Man.,
6th ed. Simulia, 2007, ch. 26. [Online]. Avail-
able: http://www.egr.msu.edu/software/abaqus/Documentation/docs/v6.7/
books/usb/default.htm?startat=pt06ch26s01alm35.html
105
26. V. Adams and A. Askenazi, “Nonlinear Analysis,” in Build. Better Prod. with
Finite Elem. Anal., 1st ed. Onword Press, 1999, ch. 15.
27. “Inertial, Rigid, and Capacitance Elements,” in Abaqus Anal.
User’s Man., 6th ed. Simulia, 2007, ch. 24. [Online]. Avail-
able: http://www.egr.msu.edu/software/abaqus/Documentation/docs/v6.7/
books/usb/default.htm?startat=pt06ch24s01alm20.html
28. “Constraints,” in Abaqus Anal. User’s Man., 6th ed. Simulia, 2007, ch. 28.
[Online]. Available: http://www.egr.msu.edu/software/abaqus/Documentation/
docs/v6.7/books/usb/default.htm?startat=pt08ch28s02aus105.html
29. V. Adams and A. Askenazi, “Modeling Techniques and Applications,” in Build.
Better Prod. with Finite Elem. Anal., 1st ed. Onword Press, 1999, ch. 13.
30. A. Calvi, “Uncertainty-based loads analysis for spacecraft: Finite element
model validation and dynamic responses,” Comput. Struct., vol. 83, no. 14, pp.
1103–1112, 2005. [Online]. Available: http://www.sciencedirect.com/science/
article/pii/S004579490500043X
31. T. G. Carne, D. T. Griffith, and M. E. Casias, “Support conditions for
experimental modal analysis,” Sound Vib., no. June, pp. 10–15, 2007. [Online].
Available: http://www.sandv.com/downloads/0706carn.pdf
32. K. G. Mcconnell, “The Elusive Free-Free Boundary Condition by,” Iowa State
University of Science and Technology, Ames, IA, Tech. Rep., 2000.
33. A. Palazotto, “Midterm Problem Set,” in MECH 642, Air Force Institute of
Technology, 2015.
34. A. Dempsey and D. Miller, “Convergence Study for Introduction to Finite Ele-
ments,” Air Force Institute of Technology, 2015.
35. D. Miller, “MECH 642 Final Report,” Air Force Institute of Technology, Tech.
Rep., 2014.
36. M. A. Kramer, “An Introduction to Field Analysis Techniques : The Power Spec-
trum and Coherence,” Boston, 2013. [Online]. Available: http://www.sfn.org/
{∼}/media/SfN/Documents/ShortCourses/2013ShortCourseII/SC2Kramer.ashx
37. J. Carson, E. Alvarez, and A. Daniels, “Appendix B. Coherence The-
ory,” in Gr. Vib. Test a Star-Lite Aircr., Austin, Texas, 1997.
[Online]. Available: http://courses.ae.utexas.edu/ase363q/past{\ }projects/
StarLiteGVT/Report{\ }PDF/Appendix{\ }B{\ }Coh.pdf
38. “Von Mises Criterion,” 2016. [Online]. Available: http://www.engineersedge.
com/material{\ }science/von{\ }mises.htm
106
REPORT DOCUMENTATION PAGE Form ApprovedOMB No. 0704–0188
The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704–0188), 1215 Jefferson Davis Highway,
Suite 1204, Arlington, VA 22202–4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection
of information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.
1. REPORT DATE (DD–MM–YYYY) 2. REPORT TYPE 3. DATES COVERED (From — To)
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
5b. GRANT NUMBER
5c. PROGRAM ELEMENT NUMBER
5d. PROJECT NUMBER
5e. TASK NUMBER
5f. WORK UNIT NUMBER
6. AUTHOR(S)
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
11. SPONSOR/MONITOR’S REPORT
NUMBER(S)
12. DISTRIBUTION / AVAILABILITY STATEMENT
13. SUPPLEMENTARY NOTES
14. ABSTRACT
15. SUBJECT TERMS
16. SECURITY CLASSIFICATION OF:
a. REPORT b. ABSTRACT c. THIS PAGE
17. LIMITATION OF
ABSTRACT
18. NUMBER
OF
PAGES
19a. NAME OF RESPONSIBLE PERSON
19b. TELEPHONE NUMBER (include area code)
Standard Form 298 (Rev. 8–98)
Prescribed by ANSI Std. Z39.18
26–02–2016 Master’s Thesis Oct 2014 - Feb 2016
Vibrational Analysis of a 12U Chassis
Miller, Daniel G., Captain, USAF
Air Force Institute of Technology
Graduate School of Engineering and Management (AFIT/EN)
2950 Hobson Way
WPAFB OH 45433-7765
AFIT-ENY-MS-16-M-229
Air Force Research Labs / Space Vehicles
3550 Aberdeen Ave
Alburquerque, NM 87117
POC: Dr. Gregory Spanjers, Chief Scientist
email: gregory.spanjers@us.af.mil
AFRL/RV
Distribution Statement A. Approved for public release; Distribution Unlimited.
This material is declared work of the U.S. Government and is not subject to copyright protection in the United States.
The objective of this research is to characterize how the natural frequencies of AFIT’s CubeSat design can be controlled to meet launch
vehicle requirements while increasing the internal and external volume available for payload and bus components as the chassis increases in
size. A reliable Finite Element (FE) model is created and validated using NASA’s General Environmental Verification Standards (GEVS)
vibrational test on the 12U chassis. The validated FE model proves that current boundary conditions and geometric properties with
minimized chassis wall thicknesses to maximize usable internal and external volume maintain a first frequency of the fully loaded 12U
chassis above 70 Hz. However, the constraints on the 1U mass stacks aren’t sufficient to prevent structural failure of the mass stacks, and
internal supports are necessary to maintain the structural integrity of the mass stacks.
Finite Element Analysis, frequency, modal analysis, validation, finite elements, CubeSat
U U U UU 119
Dr. Eric Swenson, AFIT/ENY
(937)255-3636 x.1234; eric.swenson@afit.edu
